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Air-cooled heat exchangers (ACHE’s) that use plug-type header boxes need to be sealed from 
the plug sheet. During installation it is possible that the internal threads of the header box or the 
external threads of the plug bolt are stripped thus, compromising the ACHE. The study 
conducted analysed the behaviour of the internal and external threads of a plug bolt and parent 
plate manufactured to conform to 1.125 – 12 UN – Class 2A and 2B to ANSI B1.1. The 
connections were deemed reusable and a torque of 400 Nm was applied to ten lubricated plug 
bolts, each analysed on a new threaded hole for each plug bolt. It was concluded that the threads 
deform in an unpredictable manner and may deviate from the standard 60º by either increasing or 
decreasing from the standard during any tightening. The finite element analysis (FEA) results 
indicate that the threaded regions are not subjected to stresses that exceed the yield strength of 
either material and therefore, thread stripping will not occur. The experimental results agree, in 
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Symbol Definition Unit 
𝐴∗  Fastener area [mm2] 
𝐴𝑛  Minimum thread shear area for the internal threads [mm
2] 
𝐴𝑠  Minimum thread shear area for the external threads [mm
2] 
𝐴𝑡  Tensile stress area [mm
2] 
𝐷𝑠𝑚𝑖𝑛 Minimum major diameter of the external thread [mm
2] 
𝐸𝑛𝑚𝑎𝑥 Maximum pitch diameter of the internal thread [mm
2] 
𝐸𝑠𝑚𝑖𝑛 Minimum pitch diameter of the external thread for 
the specified class 
[mm] 
𝐹𝑖  Fastener preload  
𝐹𝑦 Force to yield the plug bolt [N] 
𝐾𝑛𝑚𝑎𝑥 Maximum minor diameter of the internal thread [mm] 
𝐿𝑒  Length of engagement [mm] 
𝑆𝑝  Proof strength of the fastener  
𝑆𝑦   Yield strength of the fastener material  
𝑑ℎ  Diameter of the hole in the connected component [mm] 
𝑑𝑏  Bearing diameter of the head [mm] 
𝜎𝑡 Direct tensile stress [Pa] 
𝜏𝑠 Thread shear stress [Pa] 
𝜏𝑡𝑜𝑟 Torsion shear stress [Pa] 
ds  Diameter of the fastener shank [mm] 
F  Axial force [N] 
h  Fastener head height [mm] 
T Tightening Torque [Nm] 
σ  Tension stress [Pa] 
τ  Shear stress [Pa] 




𝐷  Basic major diameter [mm] 
𝐸  Fastener modulus of elasticity [Pa] 
𝐽  Factor for relative strength of the internal and 
external threads 
[-] 
𝐾 Friction factor [-] 
𝑃  Direct tensile load required to cause breakage in the 
threaded portion of the fastener 
[N] 
𝑄  Required length of engagement to prevent internal 
thread stripping 
[mm] 
𝑆 Ultimate tensile strength of the fastener material [Pa] 
𝑙  Fastener length [mm] 
𝑛  Number of threads per mm [1/mm] 
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1 Chapter One: Introduction 
Air cooled heat exchangers (ACHE’s) are cooling devices that are used in countries where there 
is relative water scarcity. One such country is South Africa and companies such as ESKOM and 
SASOL make use of ACHE’s to serve the cooling requirements of their ongoing processes [1].  
In an ACHE that has a plug-type header box, plug bolts are used to seal the plug sheet that is 
connected to the tube sheet thus, allowing for regular inspection and cleaning [2]. During 
installation of the plug bolt a gasket is placed under the collar of the fastener. Under ideal 
circumstances, the gasket will deform such that the threads are not compromised and the head of 
the bolt remains intact thus, allowing for ease of removal at the next inspection. However, the 
shearing capability of the plug bolt is present on these fasteners because it is more desirable for 
the head to shear off instead of the threads stripping. If the threads of the header box are stripped, 
it compromises the equipment. Thread stripping of the plug bolt is less costly in terms of the 
dispensability of the component. However, if it is not picked up in time, it may result in leakage 
of the vessel thus affecting the operation of the equipment and exposing the operational 
environment to potentially hazardous chemicals and in effect may result in extensive costs. 
It has been found that the plug-type header box of an ACHE, as depicted in Figure 1, is 
susceptible to internal thread stripping during the process of sealing the plug sheet using plug 
bolts that are manufactured from ASME SA 105 carbon steel with a thread series of 1
1
8
" − 12 
UNF to ANSI B1.1 Class 2B. The reason for this issue is partly due to negligence during 
installation as well as the availability of the optimum materials from which the header box can be 
manufactured [3].  
 
Figure 1: Plug-type header box [3] 
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An inadequate preload can be one of the root causes of fastener failure [4]. In pressure vessel 
applications, the threaded connection is the most vulnerable point and a clamping force that is 
excessive will result in yielding of the threads, bolt fracturing and loosening [5]. Due to 
insufficient preload, the sealing performance of a bolt is compromised thus leading to leakage of 
the pressure vessel [5]. Either mechanical or chemical locking mechanisms are used to maintain 
the bolt preload in order to prevent loosening failure [4]. Typical mechanical locking systems 
include gaskets, nuts with nylon inserts and castellated nuts. 
1.1 Problem Statement 
In industry, regular cleaning and inspection of the tubes of an ACHE is crucial to maintain 
performance and prolong the lifespan of the device. During the period of maintenance, it is 
imperative to shut down the ACHE and allow it to cool before proper inspection can begin. It is 
during this process that the tubes are assessed for leakage using specialised methods that require 
the plug bolt to be removed in order to verify that a leak is present.  
 
A common on-site issue is the over-tightening of the plug bolts during sealing of the plug sheet. 
In cases where only the plug bolt threads are stripped, the plug bolt can be replaced. However, in 
instances where the header box threads are stripped the plug bolt is welded to the header box 
thus preventing future removal. Eventually, the system becomes compromised due to the 
numerous permanently sealed holes of the plug sheet and replacement of the ACHE is necessary.  
Not only is this a time consuming process but it is also costly.  
 
The plug bolts contribute to roughly 12.5% of the overall cost of an ACHE and it is relatively 
easy and more cost effective to replace than the entire ACHE. In order to fully assess that a leak 
has been successfully rectified the ACHE must be in operation, therefore it is important that leak 
rectification is done in fewer attempts to prevent shut down expenses and further maintenance 
costs. 
 
Furthermore, research has been conducted to ascertain the behaviour of the plug bolts at the 
University of Johannesburg. It was found that although the plate material was manufactured from 
a material of lesser tensile strength than that of the plug bolt, the internal threads of the plate did 
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not strip. It was also found that the plug bolt head was not shearing off when subjected to the 




Figure 2: Plug bolt tightened to 1000 Nm 
1.2 Aim 
The aim of this study is to investigate the thread integrity of lubricated external threads of a plug 
bolt and the internal threads of a parent plate when a high torque is used to tighten the plug bolt 
with a low number of turns. 
The aforementioned is to be conducted while considering the following control variables:  
 Plug bolt size 
 Thread lubrication 
 Material hardness of the plug bolt, parent plate and gasket 
 Yield strength for the materials used for the plug bolt, parent plate and gasket 
 Tolerances of the component material 
1.3 Research Questions 
The basis of this study is to examine the extent of thread deformation that may occur on the 
internal and external threads of a plug bolt and a parent plate after being subjected to a specified 
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" − 12 UNF to ANSI B1.1 Class 2A and 2B used in ACHEs. A model of the assembly will be 
analysed using the methods of FEA to highlight the effect of the torque on the assembly and 
mainly in the threaded regions. 
1.4 Research Methodology 
The research method that is to be applied is as follows: 
 Manufacture a parent plate that can be safely secured 
 Affix a gasket to the plug bolt and lubricate the threaded region 
 The plug bolt will be tightened to a pre-determined percentage of the yield strength 
 Once the required torque is reached the plug bolt will be removed and the internal and 
external threads will be investigated 
 The procedure is to be repeated until acceptable conclusions can be made. 
 Finite element analysis (FEA) will be used to simulate the plug bolt and parent plate 
assembly model and will be used to validate and analyse the actual and theoretical 
results. 
1.5 Contribution 
Ten plug bolts were used to carry out the investigation as outlined in the aim. The results 
obtained from the investigation were analysed and reported on. The contribution is outlined as 
follows: 
 The extent of thread deformation across the datasets show that the flank angles deviate 
such that the deviation results in a reduction of the flank angles from the standard 60º.  
 A reduction in flank angle is an indication that the threads have a propensity to strip.  
 The results indicate that lubricated threads deform from the standard 60º, but not so 
extensively that the connection is deemed non-reusable.  
 The location on the threaded regions that deviates the most from the standard is not 
predictable. It is possible that the flanks may deform more on the first tightening than on 
the last (and vice versa) or it may deform more on some tightening that occurs between 
the first and the last.  
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 Tightening the lubricated plug bolts repeatedly with an acceptable torque and ensuring 
that the torque applied is correct, will not result in either internal or external thread 
stripping.  
 The implication of using a torque of 400 Nm showed that not many loadings were 
required in most of the cases in order to reach the desired torque. As a result, a low 
number of turns were used to tighten the plug bolts thus, fulfilling the aim.  
 The average angle of the flanks for the external threads were seen to fluctuate with no 
real predictability in regard to which tightening, side or turn deviations from the standard 
60º would occur.  
 The deformation of the flank angles were permanent and in a number of the cases a 
maximum deviation on one side for a particular tightening would normalise in the next or 
decrease.  
 The FEA indicated that the threaded regions of the plug bolt and parent plate do not 
experience high stresses that exceed the yield strength of the materials along most of the 
threaded regions. The experimental results in this regard, agree with the FEA results. 
 It can therefore be deduced from the investigation by considering the extent of deviation 
in the flank angles, that without the aid of a lubricant the internal and/or external threads 
would have at some point stripped or undergone such severe deformation that would have 
affected the re- usability of the threaded connection.  
 It can also be concluded that in some instances, although rare, the quantity of lubricant 
used may affect the extent to which friction is created between the threads. 
1.6 Chapter Summary 
Chapter 1 has presented the research proposal and has outlined the direction of the study. 
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2 Chapter Two: Literature Review 
The literature review serves to present a background on mechanical fasteners and its related 
theory, gasket sealing, fastener tightening methods, machine calibration and topics therewith. 
2.1 Mechanical Fasteners 
Threaded fasteners are used as a means to create non- permanent joints between components and 
may also be used for sealing purposes. These fastener types are known for their flexibility in 
joining components and their capability to be removed [6]. The design of threaded fasteners are 
based on tensile loading applications however, a small shear load can be tolerated [6]. The 
numerous fastener descriptions are depicted in Figure 3: Fastener description Figure 3. 
 
Figure 3: Fastener description [7] 
2.2 Stress and Strength 
It is important that a bolt is capable of preventing slip, separation and leakage while being 
capable of maintaining the maximum preload that is applied to it during assembly. In addition 
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the bolt must be strong enough to withstand the maximum in-service load it is subjected to that 
may result from the forces applied to the joint [8]. 
2.2.1 Fastener Strength Considerations 
Generally, the strength of a part may be described in terms of its size, shape, the material that it 
is manufactured from, operating temperature and its condition. With respect to fasteners, factors 
such as the tensile strength, thread stripping strength, shear strength and brittle fracture strength 
must also be considered.  
The tension that a bolt can be subjected to is not only dependent on the strength of the body but 
also on the shear strength of its threads. If the bolt fails, it is preferred that the bolt fractures as 
opposed to the threads of the bolt failing because it is relatively easier to detect a fractured bolt 
than it is to detect stripped threads [8]. 
2.2.1.1 Tensile Strength 
A fastener must be capable of generating a sufficient tensile force that influences the extent of 
the clamping force between the joint members. The strength is described using the yield strength, 
ultimate strength or proof strength of the fastener. Each of these terms are used to determine the 
amount of tension that the bolt can withstand. It is imperative to note that the bolt will fracture 
when the ultimate tensile strength is exceeded [8]. 
2.2.1.2 Stress Concentrations 
Three main regions on a bolt have been identified as regions that are susceptible to failure. These 
include, the fillet region or neck region where the head is joined to the body, the first engaged 
thread and the thread run-out point located at the point where the threads meet the body of the 
bolt [8]. 
2.3 The Fastener in Tension 
A tensile testing curve as can be seen in Figure 4, was generated by placing ASTM A325 in a 
tensile tester. A pure tension load between the head of the bolt and a nut was applied [8]. 




Figure 4: Points of interest on an elastic curve [8] 
The elastic region is the straight line portion on the elastic curve. Repeated loading and 
unloading of the fastener within this region of the curve will not result in permanent deformation 
however, it may cause the bolt to fail due to ultimate fatigue failure [8]. The upper end of the 
straight line where the line begins to curve is known as the proportional limit and is closely 
followed by the elastic limit. A fastener tensioned beyond this point will show some permanent 
deformation.   
The yield strength point follows the elastic limit point. Loading a fastener to the elastic limit will 
cause permanent deformation of 0.2% or 0.5% of the initial length. This definition exists because 
some regions of the bolt will yield far before the body in entirety has been loaded to its yield 
strength and other portions of the fastener that are not close to yield, will have taken a permanent 
set of 0.5% [8].  
The maximum tension that can be created by a tensile load on a fastener is called the tensile 
strength and is found in the region called the ultimate strength. The ultimate or tensile strength is 
significantly larger than the yield strength and occurs only in the plastic region of the curve 
found far beyond the point at which the fastener will permanently set. The rupture point follows 
the ultimate strength point and the fastener will fracture under the applied load [8]. 
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2.3.1 Repeated Loading - Elastic Curves 
Figure 5, illustrates a bolt that is loaded well past the yield strength from point A to point M. 
Thereafter, the load is removed and is shown as point B. Permanent deformation of 0.03 inches 
was found and if the bolt is reloaded it will follow path C. Thus, from the curve it can be seen 
that it returns to the zero-point along the line that is parallel to the initial elastic line. However, it 
is offset from the initial line by an amount that is determined by the permanent deformation 
created by the earlier tension load applied to the bolt [8].  
If the bolt is reloaded it will follow a new straight line and will function elastically once again, 
provided that the bolt is loaded below the maximum tensile load applied initially. The behaviour 
of the fastener will be elastic beyond the tensile load that caused plastic deformation in the first 
place. The difference between the initial yield strength and the new yield strength is a function of 
the work hardening that the bolt is subjected to, due to it being loaded past its yield strength on 
the first cycle [8]. Additional permanent deformation will occur when the bolt is loaded past the 
new yield point. The fastener will not be damaged or fractured due to yielding if it is taken past 
the new yield point but instead it may get slightly stronger [8]. 
A vast number of fastener materials can be loaded past initial and new yield points a number of 
times before failure occurs but materials that are stronger and more brittle may suffer a loss of 
strength when undergoing such treatment [8]. 




Figure 5: Elastic curve for a 1-16 x 4 socket-head cap screw under repeated loading [8] 
2.4 Strain Hardening of Metals 
Strain hardening is a phenomenon that generally occurs at room temperature and results in an 
increase in hardness and strength of a ductile metal [9]. Dislocation strain field interactions are 
used to describe strain hardening at an atomic level. In a metal that undergoes cold working, the 
dislocation density increases due to forming new dislocations or dislocation multiplication that 
results in the average distance of separation between the dislocations to decrease [9]. Typical 
dislocation to dislocation interactions are repulsive thus; the motion of a dislocation is thwarted 
by the presence of other dislocations and becomes more distinct as the dislocation density 
increases. Consequently, the stress required to deform a metal increases with increasing cold 
work [9].  
If a fastener is loaded such that it becomes strain hardened it is possible for it to become harder 
and stronger than the joint material therefore, increasing the possibility of internal thread 
stripping. 
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2.5 The Hexagonal Head Fastener 
Hexagonal head screws and bolts are widely used in industry owing to their availability, load- 
carrying capacity and the commonality of tightening tools due to their geometry [10]. The load- 
carrying capacity of these bolts is achieved because of its production and heat treatment to 
several strength levels by means of various raw material utilisation and heating processes [10]. 
Hexagonal head plug bolts are used to seal the tubes of an ACHE that has a plug-type header 
box. Illustrated in Figure 6, is a plug bolt that has the capability to shear at the head such that 
conformance to API 661 standards are ensured.  
 
Figure 6: Hexagonal head plug bolt [3] 
2.5.1 The Fastener Head 
The following criteria for the head of a fastener must be met [11]: 
 The head of a fastener must be strong enough such that it is able to withstand the shear 
force that equals the sum of the tightening force and the working load. 
 It is to provide a bearing surface that is limited by the diameter db in order to ensure that 
the maximum bearing stress does not exceed the allowable value for the fastener material 
and the connected components. 
 It shall include a torque-transmitting element so that a wrench or a screwdriver can fasten 
it by applying a tightening torque. 
Figure 7, illustrates the fastener head dimensions that are taken into consideration during an 
analysis. 




Figure 7: Fastener head dimensions [11] 
When an axial force is applied to the shank of a fastener, the head is loaded in shear and the 
















 τ is the shear stress. 
 σ is the tension stress. 
 F is the axial force. 
 ds is the diameter of the fastener shank. 
 h is the fastener head height. 
The shear strength of a material is approximately (
1
3
)0.5 of its tension strength [11]. Therefore, 
equal strength of the head and shank is obtained when 𝜏 = 0.577𝜎. It is thus derived that ℎ =
0.433𝑑. 
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However, the stress distribution is not evenly spread over the head height resulting in a bending 
component being added to the shear [11].  It has been determined from experiment that when 
ℎ ≥ 0.6𝑑; the static shear strength of the fastener head is greater than the tension strength thus 
the proportion is used [11]. 
The bearing surface area that transmits the tension force from the bolt to the connected 










 𝐴 is the bearing surface area in mm2. 
 𝑑𝑏is the bearing diameter of the head. 
 𝑑ℎ is the diameter of the hole in the connected component. 
In the case of the connected component material having a lesser strength than that of the fastener 
it is imperative that the bearing strength is verified [11]. 
2.6 Internal and External Threads 
The threads of a fastener are commonly used for adjustment purposes and power transmission 
[12]. V, square and acme are some of the various thread forms that exist whereas a thread series 
defines the threads to be coarse or fine [12]. Fastener threads are manufactured in accordance 
with specifications that are set out by different standards thus dictating the interchangeability and 
replaceable nature of the fastener.  
The geometry of a fastener thread is described by the following terms [12]:  
 Major diameter: The outside diameter and the largest diameter of the thread. 
 Minor diameter / root diameter: The base of the thread and inside diameter of the 
fastener. 
 Pitch: The distance from one point on a thread to the same point on an adjacent thread. 
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 Pitch diameter: The diameter of an imaginary cylinder, the surface of which passes 
through the threads at certain points so as to make the width of the thread cut equal to the 
width of the spaces cut by the imaginary cylinder. 
 Crest: The upper surface that joins the thread flanks. 
 Root: The surface at the bottom that joins the thread flanks. 
 Flank: The surface that is slanted and joins the crest and root. 
Refer to Figure 8, for an illustration of the fastener geometry. 
 
Figure 8: Fastener geometry [12] 
The external and internal threads of the plug bolt and header box plate is to conform to the 
ASME Unified Inch Screw Threads standard and is therefore, graded as class 2A and class 2B 
respectively [3]. The profile on UN and UNR threads are depicted in Figure 9. 
 




Figure 9: Profile of UN and UNR threads [13] 
2.6.1 Critical Stress Areas of Mating Threads 
Refer to Appendix A for a more detailed thread description for thread classes 1A, 2A, 1B and 
2B. 
2.6.1.1 Tensile Stress Area Formula 
The tensile stress area may be calculated as follows [13]: 
 








 𝐴𝑡 is the tensile stress area in mm
2. 
 𝐷𝑏𝑚 is the basic major diameter. 
 𝑛 is the number of threads per inch. 
In the case of a threaded assembly failure, the fastener failing is favoured over stripping of either 
the internal or external threads. Thus, the length of engagement for mating threads must be 
adequate such that it must withstand the full load required to cause the fastener to fail without 
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thread stripping. When mating components of materials that have equivalent tensile strengths the 
length of engagement is not to be less than that determined by equation 5, in order to prevent 
thread stripping. 
2.6.1.2 Length of Engagement of Screw Threads 










 𝐿𝑒 is the length of engagement in inches. 
 𝐾𝑛𝑚𝑎𝑥is the maximum minor diameter of the internal thread. 
 𝐸𝑠𝑚𝑖𝑛minimum pitch diameter of the external thread for the specified class. 
Equation 5 is multiplied by a factor of 2 due to the assumption that the area of the screw in shear 
is to be twice the tensile stress area so that full strength of the screw is attained [14]. This is 
considered as a means of introducing a small safety factor against stripping because the length of 
engagement is larger than required. 
2.6.1.3 Shear Stress Area of the Threads 
The shear stress area of the internal and external threads may be calculated as follows [14]: 
𝐴𝑠 = 3.1416𝑛𝐿𝑒𝐾𝑛𝑚𝑎𝑥 [
1
2𝑛
+ 0.57735(𝐸𝑠𝑚𝑖𝑛 − 𝐾𝑛𝑚𝑎𝑥 )] 
Equation (6) 
𝐴𝑛 = 3.1416𝑛𝐿𝑒𝐷𝑠𝑚𝑖𝑛 [
1
2𝑛
+ 0.57735(𝐷𝑠𝑚𝑖𝑛 − 𝐸𝑛𝑚𝑎𝑥 )] 
Equation (7) 
Where: 
 𝐴𝑠 is the minimum thread shear area for the external threads. 
 𝐴𝑛 is the minimum thread shear area for the internal threads. 
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 𝑛 is the number of threads per inch. 
 𝐷𝑠𝑚𝑖𝑛is the minimum major diameter of the external thread. 
 𝐸𝑛𝑚𝑎𝑥is the maximum pitch diameter of the internal thread. 
In a case of the internal thread having a material with a lower strength than that of the external 
thread, internal thread stripping is likely to occur before the fastener can fracture at the threads 
[14]. In order to determine if this condition will take place a factor for the relative strength of the 
internal and external threads is considered by computing equation 8 [14]. 
𝐽 =  
𝐴𝑠 × 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑡ℎ𝑟𝑒𝑎𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙




 𝐽 is the factor for relative strength of the internal and external threads. 
For: 
 𝐽 ≤ 1, the length of engagement determined in equation 5 is sufficient to prevent thread 
stripping of the internal thread [14]. 
𝐽 > 1, the length of engagement required is found by using the following equation [14]: 
 𝑄 = 𝐽𝐿𝑒 Equation (9) 
Where: 
 𝑄 is the required length of engagement to prevent internal thread stripping. 
2.6.1.4 Force Required to Cause Fracture in the Threaded Portion of the 
Fastener 
The force required to cause failure in the threaded portion of the fastener may be calculated as 
follows [14]: 
Assuming no torsion or shearing stresses are acting, 
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 𝑃 = 𝑆𝐴𝑡 Equation (10) 
Where:  
 𝑃 is the direct tensile load required to cause failure in the threaded portion of the fastener 
(in N). 
 𝑆 is the ultimate tensile strength of the fastener material (in Pa). 
2.6.1.5 Tolerances 
Section 9, of the ASME B1.1 Unified Inch Screw Threads standard describes the allowable 
variation in 30º basic half angle of the external and internal screw threads. These values are 
tabulated in Table 1. 
Table 1: Allowable variation in 30º basic half angle of the external and internal screw threads [13] 
 Allowable variation in half angle of thread 
Threads/in ±deg Min. 
14 0 55 
13 0 55 




 0 50 
11 0 50 
General Note: See paras. 9.1.3 through 9.1.6 for applicability in ASME B1.1 Unified Inch Screw Threads 
 
The plug bolt used in this study has 12 threads per inch thus; the flank angles of both the internal 
and external threads have a tolerance of 50 minutes of arc for the half angle of 30º. A conversion 
of 50 minutes of arc to degrees gives a value of 0.833º. 
2.7 Fastener Tightening 
Applying a torque to the head or nut of a fastener is a means of fastener tightening. When the 
fastener is tightened, it stretches thus resulting in what is generally referred to as bolt tension or 
preload and is commonly measured with a torque wrench [14]. However, using a torque wrench 
to measure the preload is not ideal due to the fact that it does not account for friction therefore; 
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slightly inaccurate preload measurements are obtained [14]. Friction is dependent on the 
materials of the bolt, nut and washer. Surface roughness, machining accuracy, lubrication and the 
amount of bolt reuse are also factors that affect the friction [14]. 
2.7.1 Fastener Preload 
Fastener preload aids in maintain fastener tightness, increases the strength of joints, creates 
friction between components to resist shear and improves fatigue resistance in bolted 
connections [14]. Compression losses in threaded joints may cause leakage of pressurised fluids 
past compression gaskets and reduces the fatigue life of a fastener [14]. 
The recommended preload, that can be used for both static and fatigue calculations, is calculated 
as follows [14]: 
For reusable connections, 𝐹𝑖 = 0.75𝐴𝑡𝑆𝑝 Equation (11) 
Where: 
 𝐹𝑖 is the fastener preload. 
 𝑆𝑝 is the proof strength of the fastener. 
The approximate proof strength can be calculated as follows [14]: 
 𝑆𝑝 = 0.85 × 𝑆𝑦 Equation (12) 
Where: 
 𝑆𝑦  is the yield strength of the fastener material. 
A strain gauge is one of the best methods used to verify that a fastener has been correctly 
tightened because the measurement is done directly. A different method involves measuring the 
change in elongation of the fastener during the tightening process by means of a micrometer 
[14]. 
The following equation gives the necessary change in length of the fastener required to ensure 
that the fastener tension is equivalent to that of the proposed preload [14]. 










 𝛿 is the change in length of the fastener. 
 𝐴∗ is the fastener area. 
 𝑙 is the fastener length. 
 𝐸 is the fastener modulus of elasticity. 
2.7.2 Preload Relaxation 
A rough surface finish, high local spots and the lack of an ideal bearing surface for the fastener 
leads to excess bearing stress under the fastener head and gives rise to local yielding [14]. This 
phenomenon, called preload relaxation, occurs after applying an initial preload to the fastener. 
Thread deformation may occur due to an unevenly distributed fastener tension over the threads in 
a joint therefore, resulting in load redistribution in order to attain a more even distribution of the 
load over the threads [14]. Preload relaxation may occur within minutes or over a series of hours 
thus, after initial application of a preload, retightening may be required after several minutes to a 
number of days [14]. 
Table 2: Accuracy of fastener preload application methods [14] 
Method  Accuracy Method Accuracy 
By feel ± 35% Yield Point Sensing ± 8% 
Torque wrench ± 25% Bolt elongation ±3 – 5% 
Turn-of-nut ± 15% Ultrasonic sensing ± 1% 
Preload indicating washer ± 10% Computer controlled wrench 
below yield (turn of nut) 
± 15% 
Strain gauges ± 1% 
 
2.8 Thread Lubrication 
The significance of lubricating nuts and bolts is brought to the fore by analysing the causes of 
failure in threaded connections. In many cases a lack of clamping force is the culprit. The 
clamping force strongly depends on the coefficient of friction [15]. It is stated that up to fifty 
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percent of the initial torque is lost due to friction at the head of the bolt and up to forty percent of 
the torque is lost due to friction in the threads. This means that only ten percent of the applied 
torque is available for the clamping force due to a possible losses of as high as ninety percent due 
to friction [15]. The need for effective use of lubricants is demonstrated in industries such as 
power plants, chemical factories and refineries. More often than not threaded components need 
to be removed with the aid of a cutting torch because the screws have seized owing to corrosion 
or improper application of a lubricant. Therefore, the primary function of a threaded connection 
being reusable and/or dismantled without destruction is lost [15]. 
A lubricant, with respect to mechanical applications, is used for one or more of the following 
purposes [14]: 
 The reduction of friction between interacting components. 
 To increase wear resistance. 
 For the prevention of adhesion. 
 To aid load distribution. 
 Increases corrosion resistance. 
 To cool moving elements. 
Various types of lubricants are available namely, greases, metallic and mineral films, petroleum 
fluids, animal fats and synthetic fluids [14]. Lubricants, although widely available, are not 
impervious to limitations as they are not self-replenishing, it has limited stability in combined 
environments, restricted frictional heat dissipation and because of its response in high 
temperature environments [14].  
Table 3: Fastener friction coefficients [14] 
Fastener Materials Lubricant Coefficient of friction, μ ± 20% 
Steela Graphite in petrolatum or oil 





Steela, cadmium-plated None added 0.12 
Steela, zinc-plated None added 0.17 
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Steela/bronze None added 0.15 
Corrosion resistant steel or 
nickel base alloys/ silver plated 
materials 
None added 0.14 
Titanium/ steela Graphite in petrolatum 0.08 
Titanium Molybdenum disulfide grease 
 
0.10 
a “Steel” includes carbon and low alloy steels but not corrosion resistant steels 
2.9 Threaded Assembly Failure 
Tightening fasteners in a manner that is deemed proper and adheres to well developed methods 
impacts their performance under static and fatigue conditions. Frictional grip structural joints 
transmit the load between members of an assembly by virtue of friction produced by the bolt 
clamping action [16]. Studies have shown that if the bolt has not failed during tightening the 
likelihood of it failing in service is low thus, the optimum bolt performance is obtained by 
stressing bolts as close as possible to the condition of failure [16]. Failure in a threaded assembly 
may fail due to thread stripping, fatigue and stress concentrations that may be present in the 
design of the assembly or that may arise due to the manufacturing processes of the assembly.   
2.9.1  Thread Stripping 
Three modes of failure may result when a threaded assembly is loaded in tension namely, the 
fastener failing in the grip length, the fastener threads stripping and the internal thread stripping 
of a nut or tapped hole [17]. 
Failing of the fastener at the grip results due to the length of the thread engagement being large 
while the internal thread material is of similar strength of the fastener. The threads of the fastener 
will strip when the length of engagement is short and the internal mating thread material is 
comparably stronger than that of the fastener. Internal thread stripping will result due to the 
internal thread material being relatively weaker than that of the fastener and the length of 
engagement is short [17]. Figure 10, illustrates fastener threads that have bent and stripped. 




Figure 10: Fastener thread failure [18] 
2.9.2  Fatigue Failure 
Fatigue failure occurs in a fastener due to cyclic variations of an applied stress [19]. Common 
characteristics of fatigue failure include ratchet marks at the initiation site, a level fracture 
surface as well as distinct crack propagation patterns such as beach marks on the fracture surface 
[19]. The failure occurs in three stages, initiation of cracks at the root of the thread, radius or a 
material defect, cyclic fatigue growth that is progressive and ultimate sudden failure of the 
remaining fastener cross section [19]. 
Fastener fatigue failure is commonly located at the first engaged threads, due to those threads 
being subjected to the highest stress, or at the head to shank radius [19]. 
2.9.3  Parent Plate Failure 
In order to create a hole such that a fastener may be used to seal or create joints, some form of 
drilling must occur. This results in stress concentrations near the hole therefore, causing a 
reduction in the load-carrying cross sectional area [20]. Hole drilling also causes a rough surface 
finish that results in fatigue crack growth. Research has shown that the fastener clamping effect 
can yield a decrease in the stress concentrations at the bolted hole site thus increasing the fatigue 
and tensile strength of the joint [20]. Demonstrated, numerically and practically, it was shown 
that increasing the clamping force can improve the fracture strength by reducing the stress 
intensity factor of a cracked holed plate and a fastener by closing the crack mouth [20]. 
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Experiments however, have also shown that an increase in clamping force causes fretting on the 
surfaces of bonded plates that have been mated and therefore, negatively influences the fatigue 
life under cyclic loads [20]. It has further been shown that if a fastener loosens, the fatigue life is 
drastically shortened because the fatigue life of a joint is dependent on the tightness of the 
fastener [20].  
2.10 Gaskets 
Boilers, reactors and other pressure vessels make use of gaskets. The use of gaskets in electrical 
and mechanical equipment for the purpose of sealing removable covers, leakage prevention of 
compressed air and other fluids as well as dust entry prevention is not uncommon [21]. Between 
two stationary members of a mechanical assembly, gaskets are used in order to create a static 
seal between the two members and to maintain that seal under varying pressure and temperature 
changes [22]. 
2.10.1 Gasket Sealing 
A gasket creates a seal due to being subjected to external forces that cause the gasket material to 
flow into the imperfections that exists between mating surfaces [22].  
Thus for sufficient gasket sealing to occur [22]: 
 Appropriate force must be applied so that the gasket will seat. This implies that suitable 
means must be provided to allow the flow of the gasket material into the imperfections in 
the gasket seating surfaces. 
 Appropriate force must be applied so that the necessary force remains so that the gasket 
will maintain continuous intimate contact during operating condition variations in order 
for the seal integrity to be maintained. 
 The gasket material is to be selected such that it has the capability to withstand the 
pressures that will be exerted against the gasket, withstand the temperature range to 
which the confinement will be subjected and resist corrosive attack of the enclosed 
medium. 
Compression, attrition, heat and gasket lip expansion are the four different methods used to 
effect the seal of a gasket. Compression is the most commonly used method to effect the seal of a 
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gasket and the compression force is applied by the tightening of a fastener and is depicted in 
Figure 11 [22].  
 
Figure 11: Effecting a gasket seal via compression [23] 
2.10.2  Gasket Failure 
Fluid leakage through a joint over or under the gasket, fracture and blowing of a gasket resulting 
in fluid leakage are the two main failure modes of a gasket [21]. Joints that are inadequately 
sealed result in staggering costs due to loss of production, energy wastage, product losses and 
environmental impacts [22]. It is therefore, imperative that great care is taken to ensure that the 
gasket is adequately sealed. 
Factors to consider to prevent gasket failure are as follows [21]:  
 The gasket material shall not shrink during service after it has been compressed at the 
appropriate pressure as dictated by the required torque for the fastener. 
 Before the gasket is assembled, it is to be examined visually to ascertain if there are any 
cracks, tears, flaking and any other unwanted characteristics. 
  The surface upon which the gasket is to be seated must be clean so that any foreign 
matter is removed. 
 Gaskets shall be obtained from reputable suppliers and must adhere to the dimensions 
and material quality specified. 
 The material of the gasket must withstand contact with the fluids enclosed in the member 
such that degradation of the gasket material properties does not occur. 
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2.11 Carbon Steel 
Carbon is the principal alloying element of plain carbon steel and as the carbon content of plain 
carbon steel is increased so does the strength of the material [24]. Figure 12, illustrates the graph 
of tensile strength and the hardness as a function of the carbon content. 
 
Figure 12: Graph of tensile strength and hardness as a function of carbon content [24] 
Low carbon steels contain less than 0.20% carbon and are used for automotive sheet metal parts, 
fabrication of plate steel and railroad rails. These steels are easy to form and are used for 
applications in which high strength is not a requirement [24].  
Medium carbon steels have a carbon content ranging between 0.20 – 0.50%. These steels are 
used for applications that require a higher strength steel than low carbon steel such as for 
machine components and engine parts [24]. 
When the carbon content is greater than 0.50% in plain carbon steels, the steel is defined as high 
carbon steel and is used in higher strength applications where properties like stiffness and 
hardness are required [24]. 
2.12 Hardness Testing 
Hardness is a mechanical property of a particular material and is a measure of resistance to 
localized plastic deformations [9]. Hardness tests are the most frequently used mechanical tests 
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due to it being simple and inexpensive, the test is non-destructive, tensile strength and other 
material properties can be obtained from hardness data [9]. 
Rockwell, Brinell, Knoop and Vickers hardness tests are the four main hardness-testing methods 
available [9]. 
2.13 Statistics 
When given a set of values such as 𝑥1, 𝑥2, 𝑥4, … , 𝑥𝑛 the most useful measure of the center is the 
mean or the arithmetic average of the set often called the sample mean and is denoted by ?̅? [25]. 
Whereas the variance quantifies how spread apart the obtained values are from the mean [25].  
Thus, the sample mean ?̅? of observations 𝑥1, 𝑥2, 𝑥4, … , 𝑥𝑛 is given by [25]: 
?̅? =










2.14 Finite Element Analysis 
Finite element analysis is a numerical method that is used for solving a number of engineering 
problems which includes stress analysis, heat transfer, electromagnetism and fluid flow [26]. By 
solving general differential equations with the use of suitable boundary conditions, such as loads 
and fixtures, the physical problem can be described. In a finite element analysis, the part is 
divided into small regions called elements. These elements are connected by nodes and an 
approximation is performed for each element. As a result, the behaviour of each element can be 
determined and patched together so that an approximate solution of the entire region can be 
acquired [26]. 
2.15 Chapter Summary 
Chapter 2 presented the literature review that includes important aspects of general bolting 
theory and equations that are necessary to analyse the current plug bolt design in order to have a 
point of reference when testing the plug bolts. Chapter Three will present the experimental 
program.  
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3 Chapter Three: Experimental Program 
This chapter introduces the experimental program that outlines the proposed experimental setup 
as well as the experimental matrix and the factors that will be considered during the experimental 
work. 
3.1 Objectives 
Determine the extent of flank deformation (if any), on the internal and external threads of a plug 
bolt and parent plate with lubricated threads when it is subjected to a high torque with a low 
number of turns. 
3.1.1 Independent Variables 
Of the variables that were deemed relevant a number are independent – i.e. the experimenter can 
vary these under her control. Thus, for this project these are listed as: 
 Force applied to the slogging wrench 
 Angle at which the force is applied 
 Slogging wrench lever arm 
 Lubrication 
3.1.2 Dependent Variables 
The torque applied to the plug bolt is deemed a dependant variable since it relies on the 
application of the independent variables. 
3.1.3 Discrete Variables 
The discrete variables that are considered to be relevant are listed as: 
 Slogging wrench head size 
 Plug-bolt size 
3.1.4 Extraneous Variables 
The vibrations induced from placing the weights on the wrench is an extraneous variable. Not 
much can be done to stabilise the setup in order to prevent this nor is it likely that small 
vibrations will affect the results. 
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3.1.5 Continuous Variables 
Of the variables that were deemed relevant, a number are continuous and for this project these 
are listed as: 
 Material hardness of the plug-bolt, gasket and parent plate 
 Tensile strength of the plug-bolt, gasket and parent plate 
 Yield strength of the plug-bolt, gasket and parent plate 
3.2 Experimental Plan 
The torque is a result of the following functional relationship: 
 
𝑅𝑎 = 𝑓 (
𝐹𝑜𝑟𝑐𝑒, 𝐴𝑛𝑔𝑙𝑒, 𝐿𝑒𝑣𝑒𝑟 𝐴𝑟𝑚, 𝐿𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛, 𝑇𝑜𝑜𝑙 𝐻𝑒𝑎𝑑 𝑆𝑖𝑧𝑒, 𝑃𝑙𝑢𝑔 𝐵𝑜𝑙𝑡 𝑠𝑖𝑧𝑒,





All variables are to be kept constant except for the force applied to the plug-bolt, the angle of the 
applied force and the presence of a lubricant between the threaded components. 
Thus, the torque can be reduced to the following relationship: 
 




Table 4: Experimental matrix 
Number of turns Force (N) 
 Force 1 Force 2 Force 3 
1 Measurement 1 Measurement 2  Measurement 3 
2 Measurement 4 Measurement 5 Measurement 6 
3 Measurement 7 Measurement 8 Measurement 9 
4 Measurement 10 Measurement 11 Measurement 12 
5 Measurement 13  Measurement 14  Measurement 15 
⋮ ⋮ ⋮ ⋮ 
𝒋 Measurement 𝑗1 Measurement 𝑗2 Measurement 𝑗3 
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Table 5: Experimental matrix randomised 
Number of turns Force (N) 
 Force 3 Force 1 Force 2 
1 Measurement 1 Measurement 2  Measurement 3 
2 Measurement 4 Measurement 5 Measurement 6 
3 Measurement 7 Measurement 8 Measurement 9 
4 Measurement 10 Measurement 11 Measurement 12 
5 Measurement 13  Measurement 14  Measurement 15 
⋮ ⋮ ⋮ ⋮ 
𝒋 Measurement 𝑗1 Measurement 𝑗2 Measurement 𝑗3 
 
3.3 Experimental Method 
The apparatus required and the method that was followed to conduct the experiment will be 
described below. 
3.3.1 Apparatus 
The following apparatus were used to carry out the experimental investigation: 
 Testing jig 
 Anvil 
 Ten 1 
1
8




 ″ Ring type slogging wrench 
 Calibrated torque wrench (Gedore 40 – 200 Nm) 
 A 1m extension arm 
 Ten copper gaskets of outside diameter = 35 mm, inside diameter = 30 mm and thickness 
3 mm with hardness no greater than 68 HRB 
 CRC white lithium grease 
 Masses (at least 100 kg)  
 Mass hanger 
 Pratley Steel 
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 Bostik Car Silicone 
 Acetone 
 Baby Oil 
 Corn Starch (Maizena) 
 Shadowgraph (Nikon Profile Projector V-12) 
 Camera 
3.3.2 Manufacture of the Plug Bolts 
The plug bolt depicted in Figure 13, was manufactured from a forged bar of ASME SA 105 
carbon steel with a specification of 60 mm in diameter and 1.1 m in length. The forged bar was 
machined to remove the mill scale as well as the curved ends. The entire plug bolt was 




 ″ – 12 UNF to ANSI B1.1 Class 2A. All of the plug bolts used in the investigation were 
manufactured in this manner. Refer to Appendix B for a detailed working drawing. 
 
Figure 13: Manufactured plug bolt 
3.3.3 Manufacture of the Testing Jig 
The base and supports of the testing jig were manufactured using two plates of S355 normalised 
structural steel with a specification of 30 mm x 300 mm x 300 mm. The parent plate was 
manufactured from 430A boilerplate with a specification of 35 mm x 300 mm x 300 mm. 430A 
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boiler plate was used to manufacture the parent plate because it is similar to ASME SA 516 
carbon steel grade 60. A minimum of two 430A plates are required in the event that internal 
thread stripping occurs. Refer to Appendix C for the detailed manufacturing drawings. 
Before drilling and tapping the holes, the surfaces that were to be in contact with each other had 
to be slightly machined to provide a smooth surface and allow for improved joining between the 
contacting surfaces. The center region where the hole for the plug bolt was created was also 
machined to create a smooth surface between the plug bolt and parent plate contact. The 
assembled testing jig is shown in Figure 14. 
 
Figure 14: Mounted testing jig 
3.3.4 Manufacture of the Extension Arm 
The length of the arm of the slogging wrench in its original form was insufficient for the 
purposes of this experiment and therefore, needed to be extended as shown in Figure 15. An off 
cut of mild steel metal tubing, with the following specification 25 mm x 50 mm x 1.6 mm x 1000 
mm, was used to extend the slogging wrench arm. The slogging wrench was bolted into place 
within the metal tube and reinforced with a solid metal slab. A dimple was created at the end of 
the extension arm to allow for the hanger to be attached for the testing process. The end of the 
extension arm was also reinforced with two solid metal slabs. A square socket was created 0.6 m 
away from the wrench head on the extension arm to allow for the use of a torque wrench. 
Testing jig 
Anvil 




Figure 15: Extended slogging wrench 
3.3.5 Manufacture of the Imprinting Putty 
Prior to testing it is necessary to the check the quality of the internal threads of the parent plate in 
order to have a sense of reference and to ensure accuracy. Since it is not possible to directly 
investigate the internal threads under the shadowgraph, an imprint of the internal threads were 
created using specially made putty and then placed under the shadowgraph to investigate the 
internal threads prior to and after tightening. 
The putty was mixed using Bostik car silicone, corn starch and baby oil. The silicone is poured 
into the mixing bowl and corn starch is added until the mixture is no longer sticky. A few drops 
of baby oil are added to the mixture to ensure that the imprint is easier to release once it has dried 
and it keeps the mixture from drying out too quickly. The softened and mouldable putty is placed 
in a lubricated hole, taking care to ensure that the threads are well coated and covered by the 
mixture. The hole is not to be filled entirely with putty as this will prevent the release of the 
imprint. The mixture is left to dry overnight inside the threaded hole and is simply peeled or bent 
away from the threaded region using your hands in order to remove.  
3.3.6 Experimental Procedure 
 Ensure that the torque wrench has been calibrated. Refer to Appendix D, for the 
calibration certificate of the torque wrench used in this study. 
 The testing jig is mounted to the anvil securely. 
Square socket 
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 The threaded surfaces of the plug bolt and parent plate are cleaned with a rag, acetone 
and a toothbrush, if necessary, to remove any debris. 
 The shadowgraph is set to a resolution of 10x. 
 Each 1/6th turn of the plug bolt is labelled with a permanent marker to ensure that the 
same turn is investigated under its given label for each tightening to allow for 
comparisons to be made across the investigation, refer to Figure 16. 
 The plug bolt is placed in the shadowgraph, pictures are taken at every 
1
6
th turn and the 
thread angle is noted for every flank. This is done prior to tightening to inspect the 
manufacturing quality of the plug bolts. 
 A copper gasket is placed on the plug bolt and is fixed under the collar using Pratley 
Steel to prevent slipping, refer to Figure 17. 
 CRC white lithium grease is sprayed onto the threaded regions of the plug bolt and the 
parent plate. 
 The plug bolt is hand tightened into the parent plate. 
 The slogging wrench is placed on the head of the plug bolt as high as is safely possible, 
refer to Figure 18. 
 The torque wrench is set to 120 Nm and is placed into the square socket. 
 The torque wrench is used to tighten the plug bolt to 300 Nm. 
 Masses are loaded onto the hanger until the desired torque of 300 Nm is reached and the 
hanger no longer drops to the floor to ensure that the torque wrench has accurately 
tightened the plug bolt to 300 Nm. 
 A hanger is placed on the dimple in the extension arm. 
 Load the hanger to 400 Nm until the hanger no longer drops to the floor. 
 The plug bolt is removed and placed under the shadowgraph and pictures of the plug bolt 




 The imprinting putty is mixed and placed into the threaded hole after the plug bolt has 
been tightened five times. 
  Place the imprint of the internal threads under the shadowgraph and take pictures of the 
thread condition. 
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 Analyse the images in SolidWorks using reference lines and the dimensioning tool to 
obtain the flank angles. 
Note: 
 Prior to tightening, imprints are taken on any two holes of the parent plate to inspect the 
quality of the threads. 
 Markers must be placed on the imprints in order to be able to differentiate the front of the 
internal threaded region from the back because the plug bolt does not tighten all the way 
through the 35 mm thickness of the parent plate. 
 Ensure that sufficient lubricant is on the internal threads to allow for ease of removal of 
the imprint.  
 The threads are not lubricated more than once over the entire test for each plug bolt. 
 Once the masses are on the hanger it may be necessary to push down on the extension 
arm lightly in order to overcome static friction. 
 
Figure 16: Labelled plug bolt 




Figure 17: Gasket affixed to the plug bolt 
 
Figure 18: Slogging wrench setup 
3.4 Chapter Summary 
Described in this chapter is the experimental program used to test the plug bolts, the variables to 
be considered and the experimental plan. The apparatus required, manufacturing requirements 
and experimental procedure were also outlined in detail. Chapter Four will provide a theoretical 
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4 Chapter Four: Plug Bolt Model 
The plug bolt and parent plate assembly will be analysed in order to establish a numerical model 
to compare the experimental results to. 
4.1 Material Compatibility 
The plug bolt is used to seal the plug sheet of the header box of an ACHE. Thus, the material 
used to manufacture the plug bolt must conform to the ASME Boiler and Pressure Vessel Code. 
A typical header box is made from SA 516 carbon steel of, ideally, Grade 70 however, SA 516 
grade 60 is more readily available and is most commonly used. The material used, in this 
research project, to manufacture the parent plate is 430A carbon steel commonly referred to as a 
boiler plate.  
SA 105 carbon steel is a specification that covers forged carbon steel piping components for high 
temperature and ambient service in pressure systems. Included in this specification are fittings, 
valves, flanges and similar parts [27].  
Table 6, provides the mechanical properties of 430A carbon steel and for the purpose of 
comparison Table 7, presents the chemical and mechanical requirements of SA 105 carbon steel. 
The plate material is required to fall within a specific range for the tensile strength. Thus, making 
it possible for a plug bolt to have a greater tensile strength than that of the header box and may 
result in thread stripping of the header box.  
Table 6:  Mechanical properties of 430A carbon steel [28] 
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Table 7: ASME SA 105 chemical and mechanical requirements [27] 
 
To prove the compatibility of the materials the factor of relative strength of the internal and 
external threads will be computed using Equations 5, 6, 7 and 8. The data used in these 
calculations may be obtained from Tables 5, 6, and Appendix E. 
Please note that these equations use US customary units but the final values will be computed in 
SI units. 






+ 0.57735(12)(1.0631 − 1.0530)] 
 
∴ 𝐿𝑒 = 0.9079 𝑖𝑛 = 23.0607 mm 
 
The minimum thread shear area for the external threads is calculated using Equation 6: 
𝐴𝑠 = 3.1416(12)(0.9079)(1.053) [
1
2(12)
+ 0.57735(1.0631 − 1.053)] 
= 1.7118 𝑖𝑛2 
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𝐴𝑠 = 1104.3849 𝑚𝑚
2 
The minimum thread shear area for the internal threads is calculated using Equation 7: 
 
𝐴𝑛 = 3.1416(12)(0.9079)(1.1118) [
1
2(12)
+ 0.57735(1.1118 − 1.0787)] 
= 2.3127 𝑖𝑛2 
 
𝐴𝑛 = 1492.0615 𝑚𝑚
2   
Using a tensile strength for 430A carbon steel of thickness 35 mm and 430 MPa as the factor of 
relative strength of the internal and external threads is found using Equation 8: 





The factor of relative strength of the internal and external threads is less than one. Therefore, 
internal thread stripping shall not occur provided appropriate care is taken during installation of 
the plug bolt. This implies that if thread stripping occurs, it is due to negligence. If thread 
stripping occurs in practice either a lubricant is not used during installation of the plug bolt, an 
improperly calibrated torque wrench is used to tighten the plug bolt and/or an incorrect/no gasket 
is being used. 
Furthermore, the above result was verified using micro-hardness testing on a parent plate used in 
a study conducted on a fourth year level at the University of Johannesburg. It was found that the 
parent plate was harder than the plug bolt and during the testing process the plug bolt threads 
were the first to strip. A thread comparison of the deformed and non-deformed threads is shown 
in Figure 19. Refer to Appendix G for the results obtained during the hardness tests. 




Figure 19: Thread comparison 
4.2 Tightening Torque 
The torque required to tighten the plug bolt is determined from Equation 17 [14]: 
𝑇1 = 𝐾𝑓𝑖𝑑𝑠  Equation (17) 
Using Equation 4, the tensile stress area is calculated as:  





= 0.8557214462 𝑖𝑛2 = 552.077248 𝑚𝑚2 
Refer to Appendices D and E to obtain data for Unified Screw Threads. 
Using Equation 12, the proof strength is calculated as: 
𝑆𝑝 = 0.85 × 250 × 10
6 = 212.500 𝑀𝑃𝑎   
Tightening the plug bolts to 75% of the yield strength results in a proof strength of: 
𝑆𝑝 = 0.75 × 250 × 10
6 = 187.500 𝑀𝑃𝑎   
From Equation 11, the preload is given by: 
𝐹𝑖𝑎 = 0.75(552.077248)(187.5) = 77.635 𝑘𝑁 
  
The friction factor is 𝐾 = 0.18 for lubricated threads [14]. Using a shank diameter of 𝑑𝑠 =
28.575 𝑚𝑚, the tightening torque is given by: 
𝑇1𝑎 = (0.18)(77.635)(28.575) = 399.315 𝑁𝑚 
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Thus, a tightening torque of 400 Nm will be used to tightening the plug bolts. 
4.3 Direct Tensile Stress 
The average value of the direct tensile stress acting on the plug bolt that is subjected to the 







 𝜎𝑡 is the direct tensile stress. 
 
The tensile stress area is, 
𝐴𝑡 =  552.25696 𝑚𝑚
2
  




= 140.577 𝑀𝑃𝑎 
 
The average direct tensile stress does not exceed the ultimate tensile stress of the plug bolt. 
Therefore, the preload will not cause the fastener to fail due to tension. 
4.4 Thread Shear Stress 
The preload 𝐹𝑖 induces a shear stress that tries to shear the internal and external threads [29]. 
The induced shear stress in the threads of a bolt and the induced shear stress in a nut is given by 
Equation 19 [29]. The induced shear stress in the threads computed for a nut will be used to 







 𝜏𝑠 is the thread shear stress. 
 𝑏 is the width of the threaded section at the root. 
 
The number of threads (𝑛) is given as: 
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𝑛 = 12 𝑡ℎ𝑟𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑖𝑛𝑐ℎ 
∴ 𝑛 = 0.47237 𝑡ℎ𝑟𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑚𝑚 




= 77.061 𝑀𝑃𝑎 
 




= 75.726 𝑀𝑃𝑎 
 
The induced shear stress by the preload does not exceed the yield strengths of either the plug bolt 
or the parent plate materials thus, the induced shear stress by the preload is not expected to cause 
thread stripping. 
4.5 Torsion Shear Stress 







 𝜏𝑡𝑜𝑟  is the torsion shear stress. 
 𝑑𝑚𝑑  is the minor diameter of the threads.  
 
4.5.1 Tightening to 75% of Yield – Lubricated 




= 115.170 𝑀𝑃𝑎 
 




= 112.191 𝑀𝑃𝑎 
 
Chapter Four: Plug Bolt Model 
43 
 
The thread shear stresses induced by the tightening torque at 75% of yield does not exceed the 
yield strengths of the plug bolt or the parent plate materials. Therefore, the tightening torque is 
not expected to cause thread stripping of either the internal or the external threads. 
4.6 Static Shear Strength of the Parent Plate Threads 
In the case of a nut manufactured from a material that is weaker than a bolt, Equations 21, 22, 23 
and 24, are used to determine the static shear strength for the threads of a nut [14, 8]. These 














𝐹𝑠𝑡 = 𝑆𝑢𝑠𝐴𝑇𝑆 Equation (23) 
𝑆𝑢𝑠 = (0.60)(𝑆𝑢𝑡𝑠) Equation (24) 
Where: 
 𝐷𝑠𝑚𝑖𝑛 is the minimum outside diameter of the bolt threads. 
 𝐸𝑛𝑚𝑎𝑥  is the maximum pitch diameter of the nut. 
 𝑆𝑆𝑇 is the tensile strength of the bolt material. 
 𝑆𝑁𝑇  is the ultimate tensile strength of the nut material. 
 𝐴𝑇𝑆 is the shear area of the root of the nut threads. 
 𝐸𝑛 is the basic minimum pitch diameter of the nut. 
 𝐿𝑒𝑓𝑠 is the length of engagement required to develop full strength. 
 𝐹𝑠𝑡 is the force required to strip the threads of the nut. 
 𝑆𝑢𝑡𝑠  is the ultimate tensile strength of the nut material. 
 𝑆𝑢𝑠 is the ultimate shear strength of the nut material.  
This equation uses US Customary units but the final answers are given in SI units. 
The length of engagement required to develop full strength is given by, 








+ 0.57735(1.1118 − 1.0787)]
 





∴  𝐴𝑇𝑆 = 1.487 𝑖𝑛
2 = 959.353 𝑚𝑚2 
𝑆𝑢𝑠 = (0.60)(79770.8) 
∴  𝑆𝑢𝑠 = 47862.480 𝑝𝑠𝑖 = 330.0001 𝑀𝑃𝑎 
𝐹𝑠𝑡 = (330.0001)(959.353) 
∴  𝐹𝑠𝑡 = 316.587 𝑘𝑁 
The minimum tightening torque that will cause the threads of the parent plate to strip is given by, 
𝑇𝑡𝑚𝑖𝑛 = (0.18)(316.587)(28.575) 
∴  𝑇𝑡𝑚𝑖𝑛 = 1628.365 𝑁𝑚 
4.7 Force Required to Yield the Plug Bolt 
The force required to cause the plug bolt to yield is given by Equation 25 [30]. 
𝐹𝑦 = 𝑆𝑦𝐴𝑡 = (250)(552.0634) = 138.0159 𝑘𝑁 Equation (25) 
𝑇𝑝𝑏𝑦 = (0.18)(138.0159)(28.575) 
∴  𝑇𝑝𝑏𝑦 = 709.885 𝑁𝑚 
Thus, a torque (𝑇𝑝𝑏𝑦) of 709.885 Nm will cause the plug bolt to yield. 
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4.8 Finite Element Analysis 
A finite element analysis was conducted on a parent plate, plug bolt and gasket assembly (Figure 
20) in order to determine the stress state within the model when a torque of 400 Nm is applied to 
the plug bolt.  
 
Figure 20: FEA model 
4.8.1 FEA Aim 
The aim of this analysis is to determine the stresses induced on the internal threads of a parent 
plate and the external threads of a plug bolt that undergoes friction when subjected to a torque of 
400 Nm. 
4.8.2 Finite Element Model 
The finite element model was created and analysed by considering parameters such as the 
geometry, material properties, boundary conditions and torque applied to the system. The 
acceptance criteria and discretisation are also outlined in the sub-section to follow. 
4.8.2.1 Geometry 
The plug bolt was drawn with strict adherence to the specifications of the real life component. 
The internal and external threads were drawn such that it conforms to ANSI B1.1 Class 2A and 
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as a cylinder of the same thickness as the manufactured parent plate (35 mm). The use of a 
cylinder instead of the real size model of the parent plate was used to simplify the model in order 
to ease the computational stress on the computer running the FEA. An attempt was made to run 
the FEA using the real life specifications of the parent plate however, the use of local mesh 
refinements paired with the complexity of the geometry mainly in the threaded regions, caused 
the FEA to yield results that were unsuitable and caused the program to crash on finer meshes. 
The geometry was created using ANSYS Spaceclaim, with the intention of preventing errors in 
the geometry when importing from other CAD packages. 
 
Figure 21: Plug bolt model 
 
Figure 22: Gasket model 




Figure 23: Parent plate model 
4.8.2.2 Material Properties 
The material used to manufacture the plug bolt and the parent plate is ASME SA 105 carbon 
steel and 430A boiler plate respectively. The gasket was manufactured from copper. 
Table 8: FEA material properties 
Material properties Plug bolt Parent plate Gasket 
Density (kg/m3) 7850 7850 8900 
Poisson’s ratio 0.32 0.32 0.37 
Young’s modulus (GPa) 200 200 110 
Yield strength (MPa) 250 240 258.65 
Ultimate tensile strength (MPa) 485 430 394.38 
 
4.8.2.3 Boundary Conditions 
The parent plate is fixed on the periphery of the cylinder. A bonded contact is created between 
the gasket and the plug bolt. Frictional contacts are created between the gasket and the parent 
plate as well as between the threads of the internal and external threads. The threads were 
lubricated with CRC White Lithium Grease and the datasheet obtained for this lubricant states 
that the coefficient of friction is 0.14. Hence, this is the value for the coefficient of friction that is 
used for the frictional contacts. Figure 24 to Figure 27, depict the fixed region as well as the 
contact regions. 





Figure 24: Fixed support 
 
Figure 25: Contact region - Plug bolt to parent plate 




Figure 26: Contact region - Gasket to plug bolt 
 
Figure 27: Contact region - Gasket to parent plate 
  




A torque of 400 Nm is applied, in a clockwise direction, to the face of the plug bolt as illustrated 
in Figure 28. 
 
Figure 28: Applied torque 
4.8.2.5 Analysis 
ANSYS 2015 was used to perform the finite element analysis. Due to the presence of friction 
between some of the contacts, the analysis is non- linear. The analysis was performed in order to 
identify the region of maximum von Mises stress as well as to identify the interactions between 
the internal and external threads when the plug bolt is subjected to a torque of 400 Nm. 
4.8.2.6 Acceptance Criteria 
A theoretical model of the plug bolt and the parent plate indicates that failure in the threaded 
regions as well as the neck region is not expected to occur. As calculated in Section 4.7, a torque 
of 709.885 Nm will cause the plug bolt to yield and the applied torque of 400 Nm is much less 
than this value. 
4.8.2.7 Discretisation 
A mesh was created on the assembly model using tetrahedral elements. The use of this element 
type was due to the complexity of the geometry of the threaded regions on the plug bolt and the 
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parent plate. Ideally an element size is selected when the maximum von Mises stress obtained for 
various element sizes stops fluctuating. However, due to the complexity of the geometry the 
smallest element size permitted was 4 mm. Figure 29, depicts the graph of the maximum von 
Mises stress vs. the number of elements. 
 
Figure 29: Graph of the maximum von Mises stress vs. the number of elements 
Figure 30, illustrates the mesh of the geometry created with an element size of 4 mm which was 
chosen because the aspect ratio for the 4 mm element size was 3.7658. This value is the closest 
to 1 indicating a lower distortion of the elements relative to the other element sizes therefore, 
allowing for greater accuracy.  
 



































The use of 2 mm element sizes caused an error warning stating the model was undergoing rigid 
body motion. Thus, it is possible that the head of the plug bolt was deforming to such an extent 
that the body was spinning out of control. A reason for this statement is due to the fact that the 
maximum von Mises stress was located in the neck region of the plug bolt. The plug bolt is 
designed to shear at the neck hence this is expected. However, the fact that head of the plug bolt 
does not shear in a predictable manner under real life applications, is a common concern. As a 
result, the performance of the computer running the FEA greatly decreased causing the program 
to prematurely end the FEA. Therefore, the results obtained for the element size of 2 mm were 
omitted. 







Average Aspect Ratio Maximum von Mises 
Stress (MPa) 
10 46920 28114 7.4163 620.62 
8 50609 30909 6.4946 558.63 
6 64278 39839 5.3142 552.31 
4 141185 91399 3.7658 568.17 
 
Figure 31 to Figure 32, depict the distortion of the elements. On the parent plate it can be seen 
that there is more stretching of the elements on the root of the threaded region. High stresses in 
these regions are usually ignored because of the high aspect ratio of the elements. On the threads 
of the plug bolt, high aspect ratios are seen on elements connected to the nodes that are located 
on the crests of the threads. Depicted in Figure 33, the spread of the elements with high aspect 
ratios are highlighted.  




Figure 31: Aspect ratio - parent plate 
 
Figure 32: Location of the element yielding the maximum aspect ratio on the plug bolt 




Figure 33: Spread of elements with a high aspect ratio on the plug bolt 
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4.8.3 FEA Results and Discussion 
The results shown in Figure 34 to Figure 38, are obtained for an element size of 4 mm. The 
maximum von Mises stress obtained is 568.17 MPa and is located on the neck region of the plug 
bolt. This value greatly exceeds the yield strength of the material which is 250 MPa.  
The front face of the parent plate shows that the stress that it is subjected to goes slightly further 
than the head of the plug bolt. This region experiences a stress of no greater than 202.93 MPa. 
The threaded portion of the parent plate mainly experiences stresses in the threads that come into 
contact with the plug bolt and one or two additional threads experiences some light dispersion of 
the stress. The edges of the parent plate where the crests of the threads are found are seen to 
experience higher stresses than the locations near the center of the cross- section. This may be 
due, in part, to these regions having a high aspect ratio. However, none of the stresses exceed the 
yield strength of the material.  
The threaded region of the plug bolt shows an extremely high stress of 340.96 MPa on the crest 
of the thread. This value however, may be ignored due to the fact that the high stress is most 
likely due to the high aspect ratio. A further vindication of this is due to the fact that the stresses 
across a majority of the threaded region of the plug bolt are not seen to exceed 243.51 MPa. High 
stress locations that exceed the yield strength are few and are found to act on a small point of the 
thread. Furthermore, the gasket experiences minimal stress from tightening the plug bolt to 400 
Nm. 




Figure 34: Equivalent stress distribution on the parent plate 
 
 
Figure 35: Cross- section depicting the equivalent stress distribution on the internal threads 




Figure 36: Equivalent stress distribution on the plug bolt 
 
Figure 37: Points of interest on the plug bolt 




Figure 38: Equivalent stress distribution on the gasket 
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4.8.4 FEA Conclusion 
An assembly of a parent plate, plug bolt and gasket was analysed using ANSYS 15. Tetrahedral, 
4 mm elements were used to carry out the FEA. It was found that some elements on the plug bolt 
connected to nodes located on the crest of the threads experienced high distortion. The stretching 
of elements does give rise to inaccuracies but due to the location of the distortion, the problem is 
a numerical issue and high stresses in these locations may be ignored. A similar issue arises on 




 ″ – 12 UNF to ANSI B1.1 Class 2A and the internal threads are designed to 
accommodate this specification thus, it is not uncommon for this to occur. A better model could 
be obtained by using a finer mesh, however due to the complexity of the geometry, it will most 
likely require a high performance computer and uninterrupted usage.  
A maximum von Mises stress of 568.17 MPa was located in the neck region of the plug bolt. 
Due to the design and purpose of the plug bolt this outcome is not particularly surprising. 
However, it has been determined from a previous study that the neck region does not fail as 
easily as predicted in the FEA nor does the neck region fail in a predictable manner. 
Nevertheless, it can be concluded that the threaded regions of the parent plate and the plug bolt 
are not expected to strip or yield since the stress distributions in these regions do not exceed the 
yield strength over a majority of the area.  
The gasket is also not expected to fail or deform extensively when subjected to a torque of 400 
Nm. 
To conclude, the theoretical calculations and the FEA do not agree with respect to the shearing 
of the plug bolt head but the internal and external threads are not expected to strip or deform 
extensively.  
4.9 Chapter Summary 
Chapter 4 has presented an analysis of the materials used to manufacture the plug bolts and the 
parent plate. The tightening torque and various stresses were evaluated in order to create a 
reference for the experimental results. A finite element analysis on the assembly was also 
provided in this section.  
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5 Chapter Five: Results and Discussion 
A total of ten plug bolts were tested by applying a torque of 400 Nm. Each plug bolt was 
tightened and loosened five times. To ensure that the torque wrench was tightening the plug bolts 
to the desired torque a check was done at 300 Nm using dead weights as outlined in Chapter 3. 
Applying the final 100 Nm of torque was done using dead weights to ensure accuracy.  
Every plug bolt was tested on a new hole and for every tightening, the six sides of the plug bolts 
were evaluated using a shadowgraph and an angle measuring technique that made use of the 
sketching capabilities of SolidWorks. Furthermore, the internal threads were also evaluated using 
the same technique and this was made possible by using a special silicone formula to get copies 
of the internal threads. ASME B1.1 Unified Inch Screw Threads allows for a deviation of 0.833º 
for the internal and external flank angles for the 30º half angle. 
The plug bolts were manufactured using CNC machining technology. The plug bolt is seen to 
have two flank regions. The run-out threads are much smaller than the main flanks. These run-
out flanks are part of the machining process (Figure 39). The tables and graphs provided below 
address the deviation from the standard 60º of the standard flanks.  
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5.1 Sensitivity Test 
A sensitivity test was conducted on a single image that was considered challenging due to the 
deformation that can be seen on some of the flanks. Five individuals with a technical background 
were asked to conduct measurements on the same image. These measurements were analysed 
and used to determine the potential error that may have occurred due to the measuring technique 
used. It is imperative to note that the measurement technique used is sensitive to slight 
adjustments, thus a minor change in placement of the lines can cause the measurements to differ. 
Furthermore, the measuring technique used is based on the individual’s best judgement when 
aligning the lines against the flanks. In Figure 40, the image used to conduct the sensitivity test is 
shown without measurements so that thread condition may be easily visible. Figure 41 to Figure 
45, depict the sample images provided that were used to obtain the results used in the sensitivity 
test that were used to measure the results against that of the researcher. Refer to Figure 46, for 
the sample image of the researcher. 
 
Figure 40: Image of plug bolt 4 after tightening 1 
 
Figure 41: Sample image 1 




Figure 42: Sample image 2 
 
Figure 43: Sample image 3 
 
Figure 44: Sample image 4 
 
Figure 45: Sample image 5 




Figure 46: Sample image of the researcher 
Table 10, summarises the results obtained from the sample images. 
Table 10: Flank measurements for the sensitivity test 














Sample 1 51.97 67.07 61.70 58.66 60.58 58.38 58.38 
Sample 2 48.39 63.24 63.20 60.67 57.84 59.75 57.56 
Sample 3 52.88 62.33 63.41 61.48 66.01 59.98 60.60 
Sample 4 52.80 63.43 62.32 64.37 59.55 62.07 59.69 
Sample 5 51.31 62.45 60.98 61.51 63.69 60.66 60.35 
Average 51.47 63.70 62.32 61.34 61.53 60.17 59.32 
Researcher 50.58 62.59 62.02 60.15 63.50 60.83 59.98 
 
In Figure 47, the graph illustrates the data obtained in Table 10, which depicts the spread of the 
sample measurements with respect to the measurements of the researcher.  






































Figure 47: Flank measurements of the sensitivity test 
From Table 11, it can be concluded that the measurements related to the flank angles in this 
document have an accuracy of ± 1.56°. This value was calculated by obtaining the average of the 
difference between the measurements of the sample subjects and that of the researcher. 
Table 11: Deviation in flank angle measurement from that of the researcher 
 Flank 1 (°) Flank 2 (°) Flank 3 (°) Flank 4 (°) Flank 5 (°) Flank 6 (°) Flank 7 (°) 
Sample 1 1.39 4.48 0.32 1.49 2.92 2.45 1.6 
Sample 2 2.19 0.65 1.18 0.52 5.66 1.08 2.42 
Sample 3 2.30 0.26 1.39 1.33 2.51 0.85 0.62 
Sample 4 2.22 0.84 0.30 4.22 3.95 1.24 0.29 
Sample 5 0.73 0.14 1.04 1.36 0.19 0.17 0.37 
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5.2 Plug Bolt One 
The results obtained for plug bolt one are presented in graphs and tables with the respective 
discussion that highlights the space process that was followed and significant outcomes 
pertaining to the investigation. 
5.2.1 Prior to Tightening 
Prior to tightening, the plug bolt was placed under the shadowgraph and analysed for its 
manufacturing accuracy. Table 12 and Figure 48, shows that the average flank angles, prior to 
tightening the plug bolts, are near to the expected 60º and are in accordance with the thread 
standard. A maximum deviation in the average flank angle, from the standard 60º, is seen on turn 
6 of side A, with a flank angle of 59.08º and is out by 0.92º. A maximum variance of 0.89º 
occurred on turn 3, of side A as seen in Figure 49. However, these values are within the 
tolerance. The measuring technique used is a possible reason that the angles are slightly under or 
over 60º. There is also a possibility that during the machining process, the wear on the cutting 
tool results in some deviation from the standard. 
Table 12: Plug bolt 1, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 60.09 0.08 59.65 0.46 
2 60.29 0.01 59.62 0.13 
3 59.39 0.89 60.89 0.72 
4 60.11 0.53 59.71 0.21 
5 59.53 0.30 60.35 0.19 
6 59.08 0.63 60.74 0.45 
 















































































Figure 49: Plug bolt 1, variance of the flank angles prior to tightening 
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5.2.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight. A slight slip of the wrench was 
noticed but the load did not drop to the floor indicating that the torque wrench effectively 
tightened the plug bolt to 300 Nm. Thereafter, the hanger was loaded to 35 kg and the weights 
dropped to the floor. The extension arm was loaded twice to 40 kg to reach an applied torque of 
400 Nm. After an initial use of the wrench to loosen the bolt, it was possible to hand loosen it out 
of the parent plate. The gasket remained attached to the plug bolt. 
From Table 13 and Figure 50, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side A, with a flank angle of 56.75º and has 
deviated 3.25º from the standard. This value exceeds the tolerance. The maximum variance 
(Figure 51) was found to be on turn 3 of side B, with a variance of 4.93º. The remaining averages 
for the flank angles are seen to stray significantly from the standard 60º in comparison to the 
results obtained prior to tightening the plug bolt.  
Table 13: Plug bolt 1, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 57.86 1.88 59.35 1.26 
2 58.30 1.20 59.00 1.69 
3 58.04 1.14 59.44 4.93 
4 58.88 0.42 58.94 0.70 
5 56.75 1.42 61.30 0.68 
6 59.98 3.51 58.81 1.34 
 












































































Figure 51: Plug bolt 1, variance of the flank angles for tightening 1 
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Individual Flank Angle Investigation 
Each individual flank deviation was investigated in order to determine the extent of deviation in 
each flank over a number of tightening and loosening cycles and is summarised in Table 14. The 
flank angle deviation was calculated by subtracting 60º from the measured deviation. Therefore, 
a flank angle deviation with a negative value is an indication that the flank angle exceeded 60º. 
Refer to Appendix J for detailed measurements obtained. 
The flank angles of side A as depicted in Figure 52, vary such that most of the flank angles 
decrease from the standard 60º. However, the flanks angles of side 6A are seen to increase with 
the exception of flanks 1 and 7.  
The scatter plot of side B shown in Figure 53, illustrates that a majority of the flank angles lie in 
the positive region thus, indicating a decrease in flank angle deviation from the standard. 
Table 14: Plug bolt 1, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0.43 0.89 2.06 1.06 2.04 4.13 
2 
2.83 2.32 1.86 2.15 4.36 -1.16 
3 
2.05 0.50 1.59 0.71 2.69 -0.24 
4 
3.36 1.03 0.30 0.15 1.75 -1.03 
5 
1.98 3.41 1.70 1.64 3.29 -0.90 
6 
3.03 2.08 2.31 1.22 5.02 -0.82 
7 
N/A N/A 3.89 0.89 3.61 0.19 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1.67 2.49 5.11 N/A -0.17 3.05 
2 
1.97 3.14 1.39 2.28 -1.16 2.49 
3 
1.61 0.65 0.21 1.74 -1.58 1.07 




-0.88 -0.07 -1.55 0.03 -1.85 0.13 
5 
0.54 -0.07 -0.78 0.59 -0.27 1.06 
6 
0.09 0.78 -0.78 0.56 -2.40 0.47 
7 































































Figure 53: Plug bolt 1, variation in flank angle for side B of tightening 1 
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5.2.3 Tightening Two 
The second tightening followed the space process and effort as for tightening 1. It was not 
possible to hand loosen the plug bolt until it was almost on the verge of falling out. The gasket 
remained intact and did not break nor fall off the plug bolt. 
Table 15, summarises the results obtained for tightening 2. It can be seen in Figure 54, that on 
turn 2 of side B the average flank angle is 56.59º. Thus, this region has deviated from the 
standard by 3.41º and is a maximum for this data set and well exceeds the tolerance. The 
maximum variance, depicted in Figure 55, in flank angle occurs on turn 5 of side A at a value of 
1.23º. 
Table 15: Plug bolt 1, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 59.79 1.10 58.85 0.67 
2 58.98 1.16 56.59 0.50 
3 58.72 0.52 60.54 0.59 
4 59.58 0.63 59.36 0.49 
5 58.21 1.23 61.01 0.60 
6 59.60 0.96 58.49 0.26 
 















































































Figure 55: Plug bolt 1, variance of the flank angles for tightening 2 
  
Chapter Five: Results and Discussion 
73 
 
Individual Flank Angle Investigation 
The scatter plot shown in Table 16, illustrates that after tightening 2, a majority of the flanks 
deviate such that the flank angles decrease. Flank 1 of side 6A depicted in Figure 56, shows a 
drastic increase in flank angle deviation in comparison to tightening 1. 
The flank angle deviation of side 5B illustrated in Figure 57, still mostly resides in the positive 
region of the scatter plot as previously observed. The flank angle of side 3B has also increased 
after the second tightening. In tightening 1, only a few of the flank angles display a tendency to 
increase however, after the second tightening; the remaining flank angles that were in the 
positive region underwent an increase in flank angle. 
Table 16: Plug Bolt 1, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1.47 -1.15 0.26 -0.82 2.28 -0.35 
2 
0.46 1.52 0.57 0.57 0.10 -0.13 
3 
-0.11 1.46 1.69 -0.28 0.75 -0.01 
4 
0.55 1.10 0.79 0.76 1.79 -0.88 
5 
0.10 1.51 2.09 0.20 1.57 1.37 
6 
1.76 1.67 1.84 1.01 2.84 1.09 
7 
N/A N/A 1.69 1.51 3.22 1.70 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2.13 3.21 -0.33 N/A -0.69 2.23 
2 
1.38 3.01 0.99 0.92 -0.32 2.17 
3 
1.65 4.68 -0.70 0.86 0.19 1.64 
4 
0.61 2.61 -0.83 0.85 -1.46 1.20 
5 
0.64 3.23 -0.90 0.91 -1.16 1.02 




1.83 4.03 -0.49 1.08 -1.76 1.27 
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Figure 57: Plug bolt 1, variation in flank angle for side B of tightening 2 
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5.2.4 Tightening Three 
Placing the plug bolt into the hole was difficult and hand tightening it into place was not possible 
without the use of the wrench.  
The third tightening followed the space process and effort as for tightening 1. The wrench was 
required to completely remove the plug bolt from the hole. The gasket was loose and needed to 
be stuck back on to the plug bolt. 
Table 17, summarises the results obtained for tightening 3. It can be seen in Figure 58, that on 
turn 5 of side A the average flank angle is 57.75º. Thus, this region has deviated from the 
standard by 2.25º and is a maximum for this data set. This value also indicates that the tolerance 
has been exceeded. The maximum variance depicted in Figure 59, in flank angle occurs on turn 2 
of side B at a value of 3.66º. 
Table 17: Plug bolt 1, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 59.02 1.01 60.27 1.93 
2 58.46 1.04 61.31 3.66 
3 59.95 0.77 59.01 2.24 
4 59.01 1.91 61.65 2.91 
5 57.75 1.10 58.26 0.61 
6 58.78 0.94 59.38 1.96 
 
















































































Figure 59: Plug bolt 1, variance of the flank angles for tightening 3 
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Individual Flank Angle Investigation 
Table 18, summaries the individual flank investigation. After tightening 3, side A shows 
fluctuations in the flank angle deviation from the standard and these fluctuations occur mostly 
within the positive region of the scatter plot as seen in Figure 60. Whereas, side B illustrates a 
drastic shift of the flank angle deviation from the positive to the negative region of the plot and is 
depicted in Figure 61.  
Table 18: Plug Bolt 1, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0.36 3.18 -1.11 -1.29 4.00 1.91 
2 
1.08 2.05 1.48 2.54 2.90 2.04 
3 
1.14 0.19 -0.23 1.41 1.03 1.82 
4 
-0.63 1.37 0.33 -0.50 2.82 0.37 
5 
1.83 0.90 0.09 1.10 1.71 -0.15 
6 
2.12 1.53 -0.82 1.84 1.26 0.40 
7 
N/A N/A 0.59 1.84 2.04 2.14 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1.88 1.64 2.35 N/A 3.19 2.62 
2 
-1.41 0.09 3.46 -0.25 2.22 2.26 
3 
0.26 -0.23 1.43 0.17 1.23 1.21 
4 
-0.10 -1.90 0.16 -0.72 1.89 -0.56 
5 
-0.94 -1.85 0.04 -2.66 1.22 -0.18 
6 
0.71 -3.26 0.35 -2.12 1.54 -0.18 
7 
-2.26 -3.69 -0.83 -4.33 0.89 -0.81 
 
































































Figure 61: Plug bolt 1, variation in flank angle for side B of tightening 3 
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5.2.5 Tightening Four 
Placing the plug bolt into the hole and securing it in by turning the plug bolt by hand was found 
to be difficult. However, when more than 80% of the threads were engaged, the difficulty 
reduced significantly and the plug bolt was able to be placed entirely into the hole without much 
further physical exertion. 
The fourth tightening followed the space process and effort as for tightening 1. The wrench was 
required to remove the plug bolt and the gasket was seen to be close to fracturing. 
Table 19, summarises the results obtained for tightening four. it can be seen that on turn 1 of side 
A, depicted in Figure 62, the average flank angle is 56.66º. Thus, this region has deviated from 
the standard by 3.34º and is a maximum for this data set. This value also indicates that the 
tolerance for this region of the plug bolt has been exceeded. The maximum variance in flank 
angle occurs on turn 3 of side B at a value of 7.34º. This is illustrated in Figure 63. 
Table 19: Plug bolt 1, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 56.66 2.85 59.91 1.18 
2 56.80 1.13 59.69 1.77 
3 57.87 0.43 58.48 7.34 
4 60.26 1.48 59.41 1.07 
5 56.99 0.28 58.32 0.65 
6 57.97 6.14 58.42 2.65 
 
















































































Figure 63: Plug bolt 1, variance of the flank angles for tightening 4 
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Individual Flank Angle Investigation 
Table 20, summarises the individual flank angle investigation for tightening 4. Side A shows a 
similar pattern of behaviour with respect to tightening 3. Flank 1 of side B behaves similarly to 
that of side A. Refer to Figure 64 and Figure 65. 
Table 20: Plug Bolt 1, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0.91 2.75 3.06 -2.57 2.45 6.95 
2 
2.39 2.48 2.30 0.75 3.80 0.46 
3 
3.55 2.22 2.06 -0.85 2.44 -0.17 
4 
2.92 2.67 2.27 0.15 2.80 -0.04 
5 
4.50 4.50 1.36 -0.65 2.96 1.87 
6 
5.76 4.61 2.64 0.88 3.00 2.07 
7 
N/A N/A 1.23 0.48 3.63 3.04 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-1.48 -0.01 7.56 N/A 2.51 4.95 
2 
1.36 0.90 0.98 2.32 0.41 1.63 
3 
1.23 2.90 0.29 0.92 1.36 0.82 
4 
-0.10 0.41 0.52 0.57 2.32 2.03 
5 
0.20 -1.22 -0.39 0.02 2.26 1.11 
6 
0.54 -0.52 1.17 -0.80 1.99 0.44 
7 
-1.12 -0.32 0.52 0.49 0.89 0.08 
 



























































Figure 65: Plug bolt 1, variation in flank angle for side B of tightening 4 
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5.2.6 Tightening Five 
Placement of the plug bolt into the hole by hand was found to be very difficult initially, but as 
the plug bolt was screwed much further (roughly 90% of the threads) into the hole it became 
possible to easily screw in by hand. 
The fifth tightening followed the space process and effort as for tightening 1. The wrench was 
required to remove the plug bolt and the gasket fractured. 
 
Figure 66: Plug bolt 1, fractured gasket 
Table 21, summarises the results obtained for tightening 5. In Figure 67, can be seen that the 
maximum deviation in flank angles from the standard occurs on turn 2 of side B with an average 
flank angle of 57.05º. This value deviates by 2.95º from the standard 60º and exceeds the 
tolerance. The maximum variance depicted in Figure 68, can be seen on turn 3 of side B with a 
value of 2.58º. 
Table 21: Plug bolt 1, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Each 𝟏/𝟔th Turn Average Variance Average Variance 
1 58.63 0.65 59.30 0.71 
2 57.21 0.28 57.05 0.69 
3 57.69 0.25 58.51 2.58 
4 58.11 0.54 58.58 1.01 
5 58.22 2.24 60.12 0.71 
6 58.35 0.85 59.07 0.34 
 















































































Figure 68: Plug bolt 1, variance of the flank angles for tightening 5 
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Individual Flank Angle Investigation 
Table 22, summarises the individual flank angle investigation. Flanks 1 through 7 of side A 
behave in a similar manner and deviate from the standard extensively in most cases. Flank 1 of 
side B behaves similarly to that of tightening 3. These observations are depicted in Figure 69 and 
Figure 70. 
Table 22: Plug Bolt 1, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1.59 2.54 2.36 1.58 3.64 2.97 
2 
1.78 2.58 1.62 1.71 1.96 0.71 
3 
0.67 2.83 2.05 1.34 0.06 0.53 
4 
1.11 2.48 1.91 0.93 -0.51 1.48 
5 
0.42 2.47 2.40 2.20 1.90 1.26 
6 
2.63 3.84 3.12 2.29 2.48 1.93 
7 
N/A N/A 2.70 3.17 2.90 2.64 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1.09 4.01 3.99 N/A 1.56 1.20 
2 
2.19 3.30 3.04 -0.07 -0.75 1.32 
3 
0.07 3.59 0.74 3.06 -0.35 1.28 
4 
-0.48 2.95 1.66 1.33 0.28 0.09 
5 
0.92 3.12 -0.85 1.52 -0.94 1.23 
6 
0.43 1.88 0.70 1.61 -0.47 1.32 
7 
0.69 1.81 1.16 1.09 -0.19 0.07 
 


































































Figure 70: Plug bolt 1, variation in flank angle for side B of tightening 5 
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5.2.7 Comparison of the Average Flank Angles 
The experimental procedure was conducted in such a manner that allowed each turn of the plug 
bolt to be compared to other in each subsequent tightening, by marking off the bolt. This allowed 
for the same turn to be analysed under its designated number. Contour plots of plug bolt 1 are 
illustrated in Figure 71. 
Tightening 4 of side 1A had the greatest deviation from the standard with an average flank angle 
of 56.29º. This value shows a 3.71º deviation from the standard 60º. The average flank angles 
that decrease are sometimes found to increase in a subsequent tightening and the contour plots 
depicted, illustrate that a majority of the flank angles deviate between 58º and 60º. Fluctuations 
are seen to occur between each tightening and loosening cycle. Thus, a predictable monotonic 
increase or decrease cannot be observed however, the most that can be stated is that over a 































54,00-56,00 56,00-58,00 58,00-60,00 60,00-62,00
 

































54,00-56,00 56,00-58,00 58,00-60,00 60,00-62,00
 
Figure 71: Plug bolt 1, comparison of the average flank angles 
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5.3 Summary of Results for the External Threads 
Table 23 to Table 32, summarise the results obtained for the remaining plug bolts. The tables 
indicate the maximum average flank angles obtained per tightening and how far these values 
stray from the standard 60º. The location column contains information pertaining to which 1/6th 
turn on the plug bolt the maximum average flank angle was obtained. Appendix I contains more 
detailed information regarding each plug bolt. 
Table 23: Results for plug bolt 1 
Tightening 
Number 




Deviation from 60⁰ 
0 6 A 59.08 0.92 
1 5 A 56.75 3.25 
2 2 B 56.59 3.41 
3 5 A 57.75 2.25 
4 1 A 56.66 3.34 
5 2 B 57.05 2.95 
 










0 3 B 61.82 1.82 
1 5 A 57.18 2.82 
2 4 B 57.33 2.67 
3 5 A 58.08 1.92 
4 3 A 57.13 2.87 
5 3 B 62.00 2.00 
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0 6 B 57.86 2.14 
1 6 B 57.53 2.48 
2 2 A 57.99 2.01 
3 3 B 62.28 2.28 
4 2 B 57.57 2.43 
5 2 A 62.21 2.21 
 










0 4 B 57.70 2.30 
1 4 B 62.08 2.08 
2 6 A 58.03 1.97 
3 1 A 57.72 2.28 
4 1 A 57.91 2.09 
5 1 A 57.04 2.96 
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0 2 B 58.23 1.77 
1 1 A 57.79 2.21 
2 1 A 57.50 2.50 
3 2 B 58.55 1.45 
4 5 A 57.62 2.38 
5 5 A 57.27 2.73 
 










0 1 B 58.11 1.89 
1 4 A 58.19 1.81 
2 6 A 57.37 2.64 
3 5 A 57.30 2.70 
4 2 B 57.08 2.92 
5 2 A 56.02 3.98 
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0 4 A 61.67 1.67 
1 3 A 56.91 3.09 
2 4 A 61.67 1.67 
3 3 B 61.97 1.97 
4 1 A 58.36 1.64 
5 5 A 57.65 2.35 
 










0 5 A 58.29 1.71 
1 6 A 62.19 2.19 
2 1 A 58.89 1.11 
3 5 A 58.50 1.50 
4 5 B 58.12 1.88 
5 1 B 61.35 1.35 
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0 3 B 61.83 1.83 
1 4 A 62.12 2.12 
2 1 A 57.79 2.21 
3 3 A 58.23 1.77 
4 3 B 61.68 1.68 
5 5 A 57.31 2.69 
 










0 6 B 57.58 2.42 
1 4 B 58.80 1.20 
2 5 A 58.53 1.47 
3 4 A 58.12 1.88 
4 2 B 58.28 1.72 
5 6 A 58.54 1.46 
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5.4 Internal Thread Investigation 
Investigation of the deviation of the internal threads of the parent plate was made possible due to 
the use of specially made silicone putty that was used to imprint the threads. Ideally three regions 
were to be investigated however this method is not perfect and therefore, some regions were 
deemed not viable when placed under the shadowgraph.  
The reason that some regions were not viable is due to the imprint tearing (Figure 72) during 
release from the hole as well as due to it settling upon drying in such a manner that prevented a 
reliable image to be taken from some of the regions. To the naked eye some of the imperfections 
and tears, apart from what is overt, on the crests of the flanks and other parts of the imprint 
cannot be seen. However, when placed under the shadowgraph, a greater insight with respect to 
the quality of the imprint is provided therefore, a decision regarding the viability or non-viability 
of a region was made after careful inspection.  
 
Figure 72: Imprint of the internal threads using silicone putty 
At the beginning of the test, pure silicone was used to create the imprints. As illustrated in Figure 
73, this yielded a greater quality imprint of the threads however, the test was conducted during 
the winter months and the cold caused the silicone to either dry very slowly or not at all. When 
the silicone did dry fully, which took between four to five days, it became impossible to remove 
even though the hole it was placed in was well lubricated. Due to the unpredictability of using 
pure silicone one hole out of the twelve threaded holes on the parent plate was extremely 
compromised thus; in the interest of time as well as preservation of the testing material the 
method of using silicone putty was adopted. 




Figure 73: Imprint of the internal threads using pure silicone 
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5.4.1 Reference Holes 
Two out of the ten holes used for carrying out the test were chosen at random in order to have 
some idea of the quality of the threaded holes. Only two holes were chosen because at the time 
pure silicone was being used to create the imprints thus, it was unrealistic to get a reference from 
every hole. By the time the switch to silicone putty was made, many of the holes had already 
been tested on.  
The reference holes chosen were Hole 4 and Hole 9. Only one region on these imprints were 
deemed viable. The results are summarised in Table 33. The average angles of the flanks are 
seen to lie well within the tolerance. Some deviation does occur however, this may be due to the 
measuring technique used as well as the quality of the imprinting material. In Figure 74, some 
fluctuation in the flank angles can be seen particularly on flanks 16 and 17 of Hole 9. One reason 
that such a deviation may occur is due to the edges of the imprinting material, especially when 
heading towards the back end of the threaded region, decreasing in quality because the edges do 
need to be manoeuvred quite significantly in order to allow for extraction of the imprint. 
Table 33: Internal flank angles of reference holes 4 and 9 
 Internal Flank Angles (⁰) 
Internal Flank Hole 4 Hole 9 
1 60.46 58.39 
2 59.30 61.66 
3 58.97 61.96 
4 61.39 61.70 
5 62.81 61.20 
6 62.48 60.10 
7 60.75 62.24 
8 61.11 62.10 
9 57.97 60.81 
10 58.31 62.70 
11 62.46 63.14 
12 59.30 61.66 
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13 62.28 62.76 
14 61.59 60.73 
15 60.14 58.63 
16 59.41 57.23 
17 60.57 56.18 
Average 60.55 60.78 





































Figure 74: Graph of the flank angles for reference holes 4 and 9 
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5.4.2 Hole 1 
Internal flank one is found at the front of the threaded region of the parent plate. The first seven 
or eight flanks are the flanks that have been engaged with the threads of the plug bolt. As can be 
seen on flanks 5, 6, 7 and 8 of region two, the internal flank angles have increased well beyond 
the tolerance indicating that deformation of the internal threads has occurred. This is also proven 
by the high value obtained for the variance and the average of the flank angles exceeding the 
tolerance.  
The fluctuation in the average flank angles for the external threads of plug bolt one did not 
exceed 62º and the lowest value obtained was 56.29º. Thus, the internal threads have undergone 
a greater deformation in comparison to the plug bolt. Looking at these values it is reasonable to 
state that damage on these flanks has occurred and that thread stripping of the internal threads is 
highly likely if the hole were to be subjected to more tests. 
Table 34: Internal flank angles of hole 1 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two 
1 60.07 62.15 
2 63.83 61.23 
3 62.12 61.03 
4 61.07 60.30 
5 60.88 65.64 
6 61.44 70.41 
7 60.17 67.34 
8 60.43 65.96 
9 60.13 60.21 
10 58.95 61.22 
11 59.75 59.67 
12 60.25 61.95 
13 59.13 59.96 
14 58.85 59.88 
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15 58.85 61.02 
16 62.35 62.14 
17 N/A 60.42 
Average 60.52 62.39 



































Figure 75: Graph of the internal flank angles for hole 1 
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5.4.3 Hole 2 
Internal flank one is found at the front of the threaded region of the parent plate. On region two 
of the imprint, some of the first eight flanks show flattening of the rounded crests that can easily 
be distinguished from that of the threads that were not engaged. This is illustrated in the red box 
of Figure 76. The average angle of the flanks for each region does not exceed the tolerance and 
the variance, although high, is acceptable considering that the hole has undergone testing.  
Figure 77, illustrates that the flank angles fluctuate quite substantially across each region but 
none of the values exceed 63º. The lowest flank angle can be found on flank 17 of region three 
and since this is found at the edge of the imprint is not regarded to be of any significance. Some 
of the flank angles exceed the tolerance but a majority of the values are within the tolerance even 
with respect to the flanks that have been engaged with the plug bolt. 
A large number of values for the external threads were found to lie below 60º and the spread of 
values above and below 60º for the internal threads is somewhat even and the imprint does not 
show signs of severe deformation. In this case, the plug bolt has seen more deformation of its 
threads but no such deformation has occurred that is considered detrimental. 
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Table 35: Internal flank angles of hole 2 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 58.06 62.55 58.27 
2 59.38 61.52 58.66 
3 60.74 61.18 59.00 
4 59.75 61.34 59.47 
5 61.43 61.83 60.20 
6 60.75 62.19 60.24 
7 61.64 62.50 62.00 
8 60.67 60.30 60.92 
9 61.36 62.74 60.72 
10 60.82 60.33 60.30 
11 60.83 60.50 58.91 
12 62.19 61.85 57.72 
13 58.59 60.98 60.36 
14 59.40 58.01 60.08 
15 60.86 60.22 58.57 
16 59.86 57.88 57.39 
17 60.09 58.90 56.78 
Average 60.38 60.87 59.39 
Variance 1.20 2.22 1.94 
 






































Figure 77: Graph of the internal flank angles for hole 2 
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5.4.4 Hole 3 
Internal flank one is found at the front of the threaded region of the parent plate. The average 
angle of the flanks for each region is seen to be within the tolerance. Region two has the highest 
variance but this is due to flank 17 found at the edge of the imprint. The first eight flanks of each 
region is seen to stray from the standard 60º however, a majority of the flank angles are within 
the tolerance. Flank 1 of regions two and three well exceed the tolerance. Figure 78, shows that 
the flank angles fluctuate across each region with most of the flank angles found to be below 60º 
and above 58º.  
A majority of the flank angles for plug bolt three are near ±58.0º indicating that the external 
threads have deformed more than the internal threads. The imprint does not show distinct signs 
of deformation on the internal threads. 
Table 36: Internal flank angles of hole 3 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 58.97 56.01 57.43 
2 61.30 59.34 58.89 
3 60.67 59.95 62.46 
4 61.09 60.30 62.85 
5 62.08 62.13 60.14 
6 61.30 61.53 59.70 
7 60.58 62.29 59.97 
8 61.73 60.43 59.85 
9 61.30 61.10 60.59 
10 60.82 61.39 59.68 
11 60.96 62.49 59.10 
12 60.68 60.90 59.81 
13 60.65 60.03 60.22 
14 60.18 58.10 60.22 
15 60.46 57.72 58.42 
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16 59.46 58.57 60.75 
17 56.38 56.17 58.31 
Average 60.51 59.91 59.91 






































Figure 78: Graph of the internal flank angles for hole 3 
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5.4.5 Hole 4 
Internal flank one is found at the front of the threaded region of the parent plate. The average 
angle of the flanks is found to be within the tolerance for each region. Region three has the 
highest variance and also has a larger deviation from the standard 60º with regards to flanks 1, 2 
and 9. The remaining angles are within the tolerance with a few exceptions such as flank 3 of 
region three that exceeds the tolerance by 0.007º. Flanks 14 and 16 of regions two and three also 
show significant deviation from the standard 60º. Since these flanks are located at the end of the 
hole where the threads have not been engaged this deviation may be due to improper threading, 
human error in the measuring technique or a poor quality imprint. 
Plug bolt four shows less fluctuation in the average angle of the flanks with many of the averages 
lying between 58º and 60º. The internal thread angles do vary across each region but the imprint 
itself does not show signs of severe deformation. 
Table 37: Internal flank angles of hole 4 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 62.60 62.11 55.72 
2 60.85 60.69 54.44 
3 60.68 60.72 58.32 
4 60.07 61.01 59.19 
5 58.70 61.65 59.50 
6 60.60 59.37 59.83 
7 60.87 60.30 58.59 
8 61.46 60.46 59.39 
9 62.68 60.89 63.91 
10 61.49 60.64 61.64 
11 60.37 59.00 62.57 
12 61.04 57.35 62.60 
13 58.97 58.42 61.81 
14 59.96 56.46 57.34 
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15 59.02 56.12 59.86 
16 58.06 57.39 57.92 
17 60.95 57.42 N/A 
Average 60.49 59.41 59.54 




































Figure 79: Graph of the internal flank angles for hole 4 
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5.4.6 Hole 5 
Internal flank one is found at the front of the threaded region of the parent plate. The imprint of 
hole five had many regions on it that was deemed not viable due to flattening of the flanks in 
such a manner that a proper angle could not be attained. This is most likely due to the imprinting 
material separating from the internal thread under the force of gravity due to an excess of release 
agent between the threads or the material itself being too soft. However, the imprinting quality 
on the first seven/eight threads was deemed satisfactory for use. 
The average angle of the flanks of regions two and three are found to be within the tolerance. 
Region three has an average of 57.12º and exceeds the tolerance by 1.44º. Not a single value in 
region three is within the tolerance. The variance of region one is high and is caused mainly by 
flanks 1, 2, 3 and 6. Flanks 1 to 5 of region three are also seen to be well out of the tolerance. 
From the graph it can be seen that the flank angles fluctuate immensely with a high number of 
flank angles lying below 58º. 
The average angles of the flanks on plug bolt five do fluctuate as well however, the values are 
closer to each other in comparison to the other plug bolts analysed thus far. Comparing the 
internal and external threads from the results obtained, it can be seen that the internal threads of 
Hole 5 has undergone a greater extent of deviation in flank angle.  
Table 38: Internal flank angles of hole 5 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 54.07 61.82 57.54 
2 56.04 61.82 56.23 
3 58.33 61.49 57.80 
4 60.57 61.67 57.57 
5 60.08 60.24 57.93 
6 62.12 62.07 Not Viable 
7 61.31 56.86 ⋮ 
8 61.09 56.33 ⋮ 
9 Not Viable 58.64 Not Viable 
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10 ⋮ 60.92 58.67 
11 ⋮ Not Viable 55.80 
12 ⋮ ⋮ 58.53 
13 ⋮ ⋮ 56.84 
14 ⋮ Not viable 54.24 
15 ⋮ 57.75 57.42 
16 ⋮ 59.46 56.60 
17 Not Viable Not Viable 57.42 
Average 59.20 59.92 57.12 







































Figure 80: Graph of the internal flank angles for hole 5 
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5.4.7 Hole 6 
Internal flank one is found at the front of the threaded region of the parent plate. The average 
flank angle for each region is found to be within the tolerance. The variances are high and there 
is an unexpected high extent of deviation on flanks 9 and 10 of region two as well as flank 9 of 
region three. The graph also depicts the extent of fluctuation in flank angles and this is quantified 
in the variance. With respect to the first seven/eight flanks, there are a number of flank angles 
found to exceed the tolerance.  
Flank 6 of regions one and three exceed 63º and flank 8 of region two deviates to a value as low 
as 54.51º. Plug bolt six had a high deviation from the standard 60º with the average angle of the 
flanks having a value of 56.02º. This is one of the highest seen deviations in comparison to the 
other plug bolts, hence seeing that the internal threads have deviated so extensively on the 
engaged flanks is reasonable.  
Table 39: Internal flank angles of hole 6 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 63.95 58.35 60.63 
2 62.50 60.45 60.35 
3 61.27 58.80 62.73 
4 59.11 55.54 61.97 
5 60.40 63.33 62.25 
6 63.31 59.51 63.82 
7 61.61 61.78 61.76 
8 59.21 54.51 60.96 
9 61.08 57.84 66.19 
10 61.05 56.96 61.41 
11 58.95 60.33 62.18 
12 58.93 61.53 60.16 
13 59.69 58.19 59.78 
14 58.78 59.78 59.19 
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15 62.19 60.50 58.95 
16 60.99 60.82 60.02 
17 60.29 60.00 59.03 
Average 60.78 59.31 61.26 






































Figure 81: Graph of the internal flank angles for hole 6 
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5.4.8 Hole 7 
Internal flank one is found at the front of the threaded region of the parent plate. Only two 
regions were deemed viable. The average flank angle for region one is found to be within the 
tolerance whereas region two exceeds the tolerance. Region one has a high value for the variance 
and this is due to an unexpected deviation in flank angle found on flanks 12 and 15 which are 
threads that have not been engaged with the plug bolt. Flank 10 of region two also undergoes an 
unexpected deviation in flank angle from the standard. 
The first eight flank angles do not deviate too extensively on a majority of the flanks but flank 1 
of region one does deviate by 6.53º from the standard. This is a significantly high deviation that 
well exceeds the tolerance. Despite this, most of the flanks that have been engaged with the plug 
bolt are still within the tolerance. The threads of the plug bolt deviate more extensively from the 
standard 60º than that of the parent plate. 
Table 40: Internal flank angles of hole 7 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two 
1 53.47 62.86 
2 62.07 63.22 
3 61.55 61.88 
4 60.68 62.82 
5 60.64 61.14 
6 62.61 61.52 
7 60.40 60.76 
8 61.24 59.63 
9 60.10 60.84 
10 59.53 64.96 
11 N/A 60.20 
12 57.23 62.86 
13 60.00 60.67 
14 61.16 62.29 
Chapter Five: Results and Discussion 
112 
 
15 64.46 61.66 
16 N/A 61.62 
17 N/A N/A 
Average 60.37 61.81 




































Figure 82: Graph of the internal flank angles for hole 7 
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5.4.9 Hole 8 
Internal flank one is found at the front of the threaded region of the parent plate. Both of the 
regions are found to be within the tolerance however, the variances of the flank angles for both 
regions are high. Flank 4 of region one has deviated by 7.30º from the standard and is the 
greatest deviation seen in this data set. Most of the flank angles are found to be below 60º with a 
significant number of flank angles lying below 58º.  
Along the entire imprint, extensive deviation in the flank angles can be seen even in regions that 
have not been engaged with the plug bolt. Considering that this is Hole 8 out of twelve holes that 
have been threaded, bearing in mind that the threading tool has been used for previous projects, 
the reason such deviations occur on the threads that have not been engaged by the plug bolt may 
be due to wear on the threading tool. 
Deviations from the standard are noticed on the seventh/eighth flanks but flanks 9 to 17 shows 
more extensive deviations. Many of the internal threads that have been engaged with the plug 
bolt are found to exceed the tolerance. 
Plug bolt eight has a maximum deviation of 2.19º from the standard for the average angle of the 
flanks thus, the internal threads have deformed more than that of the plug bolt in this case. 
Table 41: Internal flank angles of hole 8 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two 
1 62.89 56.34 
2 61.03 58.96 
3 62.93 59.71 
4 67.30 59.44 
5 61.02 58.98 
6 60.15 59.83 
7 56.76 61.19 
8 56.76 61.80 
9 56.73 63.81 
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10 56.24 60.55 
11 56.00 62.06 
12 55.73 61.03 
13 57.98 54.17 
14 57.54 55.27 
15 58.71 55.48 
16 60.15 55.48 
17 56.65 55.91 
Average 59.09 58.82 





































Figure 83: Graph of the internal flank angles for hole 8 
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5.4.10  Hole 9 
Internal flank one is found at the front of the threaded region of the parent plate. Each of the 
three regions of the plug bolt is found to be within the tolerance. The variance of regions one and 
two are high however, bearing in mind that the threads of the parent plate have been engaged 
with the plug bolt, it is reasonable. In Figure 84, it can be seen that most of the flank angles lie 
below 60º. The flanks near the back of the hole that have not been used also show deviations 
from the standard however, a possible reason for this has been discussed earlier. 
A majority of the first seven/eight flanks lie within the tolerance with flank 1 of region three 
deviating by 2.31º from the standard and is a maximum for this section on the imprint. Plug bolt 
nine underwent a maximum deviation in the average angle of the flanks of 2.69º. These 
deviations in the internal and external threads are close to each other therefore, the threads have 
deformed roughly in proportion to each other. 
Table 42: Internal flank angles of hole 9 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 59.38 59.69 57.69 
2 58.26 59.85 59.43 
3 57.85 59.26 59.27 
4 59.46 59.70 59.28 
5 57.76 59.70 59.44 
6 60.50 60.69 60.05 
7 59.28 59.84 59.56 
8 58.98 61.87 60.98 
9 59.21 61.38 60.47 
10 58.63 64.18 60.92 
11 59.45 58.15 60.15 
12 60.67 63.71 58.83 
13 62.31 58.05 58.64 
14 59.56 58.41 59.76 
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15 58.78 58.56 58.62 
16 58.07 58.71 59.42 
17 62.87 58.65 57.61 
Average 59.47 60.02 59.42 





































Figure 84: Graph of the internal flank angles for hole 9 
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5.4.11  Hole 10 
Internal flank one is found at the front of the threaded region of the parent plate. The average 
flank angles of regions two and three are found to be within the tolerance. The variance for 
region one is quite high and a contributor to this high value is due to flanks 5, 6, 7 and 8 
deviating substantially from the standard 60º. Flank 6 of region one has the greatest deviation 
with a value of 11.40º from the standard. Many of the flank angles of regions two and three are 
found to be within the tolerance. Flank 16 of region two also shows a high deviation of 6.52º 
from the standard but this may be due to its location on near the edge of the of imprint which is 
not considered yield the best most reliable results. 
The average angles of the flanks for plug bolt ten fluctuate but do not do so extensively in 
comparison to some of the other plug bolts that have been analysed. In fact the highest average 
angle deviation was 1.88º from the standard. The internal threads have thus deformed far more 
than that of the external threads in this case. 
Table 43: Internal flank angles of hole 10 
 Internal Flank Angles (⁰) 
Internal Flank Region One Region Two Region Three 
1 60.59 57.85 62.08 
2 60.00 58.44 58.31 
3 59.39 59.94 58.22 
4 60.20 60.75 61.84 
5 66.18 60.11 60.97 
6 71.40 59.63 61.06 
7 69.30 59.27 60.35 
8 66.55 59.88 60.75 
9 62.12 61.07 60.25 
10 61.21 59.66 58.78 
11 60.67 59.21 58.84 
12 60.20 59.54 59.13 
13 60.59 58.50 58.55 
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14 58.43 56.80 57.68 
15 58.27 57.74 58.82 
16 57.83 53.48 59.17 
17  55.67 60.61 
Average 62.06 58.68 59.73 









































Figure 85: Graph of the internal flank angles for hole 10 
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5.5 Commentary on the Findings 
The calculated tightening torque of 400 Nm does not cause the threads to fail thus, indicating 
that the proof strength used in this study was sufficient and no tangible discrepancies were seen 
in this respect. The connection was deemed reusable due to the preservation of the thread 
integrity. The deviation in average flank angle, does vary within a certain range. The maximum 
deviation obtained from all the results for the external threads was 3.98° and as a result it is not 
uncommon for the range of thread deviation to be within approximately 64° and 56° across the 
set of experimental data acquired.  
Tightening the plug bolt on two separate investigations namely, tightening 2 of plug bolt 2 and 
tightening 1 of plug bolt 3 indicate that lubrication may affect the capability of the threads to 
attain enough static friction. An excess amount of lubrication may in part cause a fastener to 
show behaviour similar to that of stripped threads and could result in inadequate tightening of the 
plug bolt that possibly will result in leakage and self-loosening or it may result in the operator 
over tightening the plug bolt thus, placing an ACHE at risk of internal thread stripping on the 
header box. It is imperative to note that this singularity occurred only twice and may be 
considered a rare occurrence for the simple reason that 50 tightening procedures occurred in this 
test and only in two instances did this occur. Furthermore, the flattening of the gasket over each 
tightening does increase the number of loadings required in some cases. This is a factor that is 
important to note because it was taken into consideration during the experiment however, the 
gasket was no longer flattening, and the plug bolt was still unable to reach the desired torque. 
Furthermore, the phenomenon occurred on tightening 1 and 2 and the lubrication is most fresh in 
these instances. 
In the study of fasteners, it is commonly stated that the first engaged threads undergo the most 
stress and thus, are most susceptible to failure during the tightening process. In the results 
obtained in this study, a detailed examination of the thread deformation straying from the 
standard 60° is shown. With respect to flanks 1 and 7, there cannot be seen a reliable pattern of 
behaviour that suggests that flank 1 deforms more than flank 7 across the study. 
The threads do exceed the elastic limit and undergo permanent deformation given the conditions 
specified for tightening. If this were not the case, the results obtained would not show extensive 
Chapter Five: Results and Discussion 
120 
 
differences between each subsequent tightening. The plug bolt undergoes tension during the 
tightening process and is completely engaged thus, the threads are expected to bend such that the 
angles measured are less than 60°. That is, it is supposed to bend away from the head of the plug 
bolt. In some cases, it can be seen that the deformation which occurs exceeds 60° and between 
each subsequent tightening the flank angle may increase or decrease with respect to its 
previously measured deformation in other words the values fluctuate. 
The internal threads also deform and are expected to do so towards the head of the plug bolt due 
to the thread interaction. One possible reason that the flank angles increase and decrease on the 
internal and external threads is due to the thread interaction during the loosening process as well 
as the thread engagements that occur on subsequent tightening of the plug bolt where the 
deformation caused by one set of flank interaction now interacts with a different flank that has 
deformed in a different flank interaction. Thus, the flank interactions and following deformations 
are seen to be dissimilar.  
Ultimately some anomalies are subject to experimental conditions which include but are not 
limited to human error, changes that the materials of the plug bolt, parent plate and gasket may 
undergo due to the tightening process, lubrication effects, dirt and various matter that may end 
up amid the threads between and during the experimental procedure. 
5.6 Chapter Summary 
This chapter has served to present the results obtained in the from of graphs, tables and pictures 
that was obtained during the experimental procedure along with a discussion of these results. The 
chapter to follow will provide the contribution, recommendations and suggestions for further 
research. 
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6 Chapter Six: Conclusion and Recommendations 
6.1 Contribution 
The extent of thread deformation across the datasets show that the flank angles deviate such that 
the deviation results in a reduction of the flank angles from the standard 60º. A reduction in flank 
angle is an indication that the threads have a propensity to strip. Only the data obtained in plug 
bolt 9 showed a propensity for the deviation in flank angle to increase. However, even a large 
increase in the flank angle would cause the threads to strip except it would occur in the opposite 
direction but this phenomenon is not common. The results indicate that lubricated threads deform 
from the standard 60º, but not so extensively that the connection is deemed non-reusable. The 
location on the threaded regions that deviates the most from the standard is not predictable. It is 
possible that the flanks may deform more on the first tightening than on the last (and vice versa) 
or it may deform more on some tightening that occurs between the first and the last. Tightening 
the lubricated plug bolts repeatedly with an acceptable torque and ensuring that the torque 
applied is correct, will not result in either internal or external thread stripping. Therefore, in 
practice, upon replacing the plug bolts on the header box, a proper outline of procedures must be 
in place to check and double check that the applied tightening torque is correct. 
The purpose of this study was to determine the thread integrity of lubricated threads of a parent 




″ plug bolts typically used to seal the tubes of a plug-type header box of an ACHE, that was 
manufactured via CNC machining, were used to conduct this experiment. A stringent method 
was developed to apply the torque to the plug bolts so that the inaccuracies associated with the 
use of a torque wrench could be accounted for and nullified. Each plug bolt was tightened five 
times and in between each tightening a shadowgraph was taken to analyse the deviations in the 
flank angles. Furthermore, each plug bolt had a gasket that was permanently affixed to it in order 
to prevent the gasket from slipping between the threads during the tightening process and 
possibly swaying the results obtained. The internal thread angle deviations were made possible 
due to the use of silicone putty as an imprinting material so that these threads could be 
investigated under the shadowgraph and measured at a later stage without cutting or destroying 
the parent plate. 
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The implication of using a torque of 400 Nm showed that not many loadings were required in 
most of the cases in order to reach the desired torque. As a result, a low number of turns were 
used to tighten the plug bolts thus, fulfilling the aim. For a majority of the plug bolts, between 
three and four loadings of the extension arm was required. Some exceptions include tightening 2 
of plug bolt 2, tightening 1 of plug bolt 3 and tightening 3 of plug bolt 8. With respect to plug 
bolt 2 and 3, the 400 Nm torque could not be attained due to the constant reduction in ability of 
hanger to sustain the loads applied. This phenomenon is akin to that seen when threads strip, thus 
the plug bolts were removed and analysed however, no thread stripping occurred on either the 
internal or external threads therefore, indicating that the threads simply were unable to develop 
enough friction to hold the plug bolt in place. With respect to plug bolt 8, the continuous 
flattening of the gasket during the tightening process may have contributed to the additional 
loadings required to reach the 400 Nm torque. 
The average angle of the flanks for the external threads were seen to fluctuate with no real 
predictability in regard to which tightening, side or turn deviations from the standard 60º would 
occur. The deformation of the flank angles were permanent and in a number of the cases a 
maximum deviation on one side for a particular tightening would normalise in the next or 
decrease. The average angles of the external flanks obtained were ranged between 56º and none 
of the averages reached or exceeded 64º. The greatest deviation from the standard 60º was found 
on turn 2, side A for tightening 5 of plug bolt 6 which had an average flank angle of 56.02º and 
this value deviated 3.98º from the standard.  
The internal flank angles showed significant fluctuation on the threads that were engaged with 
the plug bolt. The highest flank angle obtained was found on hole 10, flank 6 on region 2 with a 
flank angle value of 71.40º. This value has deviated by 11.40º from the standard. A minimum 
flank angle of 53.47º was found on hole 7, flank 1 of region 1 and deviated by 6.53º.  
Additionally, the FEA indicated that the threaded regions of the plug bolt and parent plate do not 
experience high stresses that exceed the yield strength of the materials along most of the 
threaded regions. The experimental results in this regard, agree with the FEA results. 
It can therefore be deduced from the investigation by considering the extent of deviation in the 
flank angles, that without the aid of a lubricant the internal and/or external threads would have at 
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some point stripped or undergone such severe deformation that would have affected the re- 
usability of the threaded connection.  
It can also be concluded that in some instances, although rare, the quantity of lubricant used may 
affect the extent to which friction is created between the threads therefore, causing the plug bolt 
to be improperly tightened or if continuously tightened, damage to the threads may occur 
because a higher torque may be applied than what is necessary therefore, contributing to the 
issue of over-tightening. Thus, it is imperative that a harmonious balance is created when dealing 
with lubricated threaded regions such that adequate friction is created between the threads to 
prevent leakage and self- loosening.  
6.2 Recommendations 
To improve further research the following recommendations are listed below: 
 Develop a method for measuring the flank angles that minimises human error. 
 Create the internal threads using more accurate machining processes. 
 Analyse the wear on the cutting tools used for creating the threads to ensure the highest 
quality threads. 
 Use an imprinting material that yields a greater quality thread imprint whilst also having 
the capability to be removed without difficulty. 
 Carry out the test without a lubricant and compare the results. 
6.3 Future Research 
The field studied in this dissertation has immense research potential. There are still a wide 
variety of phenomena that still needs to be investigated. Some suggestions for further research 
include but are not limited to: 
 Hardness testing on the threads itself to determine if strain hardening occurs to such an 
extent, over repeated tightening and loosening, that renders the plug bolt unsafe with 
respect to material compatibility and reusability.  
 Developing a method that can measure the thread angle deviations with more accuracy. 
 Investigation of the reliability of the dies used in CNC machining during manufacture of 
the plug bolts. 
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 Comparing of fine threads vs. standard threads and develop a relationship between thread 
wear, failure predictability, and reliability over a specified number of tightening and 
loosening. 
 Investigate if lubrication in various quantities affects the tightening capability of threaded 
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Disposition of Diametral Tolerances, Allowance and Crest 
Clearance for Unified Inch Screw Thread Classes 1A, 2A, 1B and 2B 
 
Figure 86: Disposition of diametral tolerances, allowance and crest clearance for unified inch screw thread classes 1A, 2A, 













































Tabulated Data for Unified Screw Threads 








Basic Dimensions for Unified Screw Threads 







Micro hardness testing was done on a segment of a plug bolt and a parent plate. The plug bolts 
were manufactured from the same forged steel and is the same plug bolts used in this study. 
However the results for the parent plate were obtained from a piece of 430A boiler plate not used 
in this study but in a previous study. The micro hardness testing carried out was done as close as 
possible to the threaded regions. SANS 6507: 2006 was used as the standard of reference. 
The Vickers hardness tester was calibrated prior to conducting the tests. The verification 
certificate of the calibration piece had a value of 731 HV. The average hardness obtained for the 
calibration piece is 741.80. Thus, the values obtained for the parent plate and plug bolt are out by 






Table 45, it can be seen that the parent plate has a hardness that is greater than that of the plug 
bolt therefore, the materials are in this regard compatible.  
Table 44: Calibration data 
Test Number Force (N) D1 D2 T (s) (Dwell Time) HV 
1 2.94 27.32 27.44 15 742.40 
2 2.94 27.00 27.25 15 756.10 
3 2.94 27.32 27.38 15 745.80 
4 2.94 27.44 27.50 15 739.00 
5 2.94 27.57 27.88 15 725.70 






Table 45: Micro-Hardness Testing Results 
Test Number Force (N) T (s) (Dwell Time) HV 430A Boiler Plate HV ASME SA 105 
Carbon Steel 
1 2.94 15 182.70 141.90 
2 2.94 15 187.30 133.30 
3 2.94 15 170.90 119.70 
4 2.94 15 173.90 145.90 
5 2.94 15 174.30 133.50 
6 2.94 15 166.80 149.20 
7 2.94 15 170.20 129.50 
8 2.94 15 159.90 143.90 
9 2.94 15 178.20 138.30 
10 2.94 15 174.30 141.90 
  Average 173.85 137.71 





CRC White Lithium Grease Datasheet 








1.1.1 Plug Bolt Two 
The results obtained for plug bolt two are presented in graphs and tables with the respective 
discussion that highlights the space process that was followed and important outcomes pertaining 
to the investigation. 
1.1.1.1 Prior to Tightening 
In Table 46, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The greatest variance 
is seen on turn 2 of side A with a value of 2.49º and turn 3 of side B has the greatest deviation 
from the standard 60º with an average flank angle of 61.82º and this value exceeds the tolerance. 
The remaining average angle of the flanks is for the most part, within the tolerance. 
Table 46: Plug bolt 2, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 60.05 0.51 60.92 0.19 
2 60.41 2.49 59.51 0.23 
3 60.33 1.78 61.82 0.39 
4 61.09 1.31 59.73 0.56 
5 60.66 1.33 60.33 0.48 





















































































1.1.1.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight. There was no slip of the wrench and 
the load did not drop to the floor indicating that the torque wrench effectively tightened the plug 
bolt to 300 Nm. Thereafter, the hanger was loaded to 35 kg and the weights dropped to the floor. 
The extension arm was loaded twice to 40 kg to reach an applied torque of 400 Nm. After an 
initial use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent 
plate. The gasket did not remain attached to the plug bolt and there was no extensive deformation 
seen on the plug bolt. 
Table 47: Plug bolt 2, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.66 0.74 59.58 1.60 
2 58.61 0.78 57.46 3.19 
3 58.45 1.02 60.13 1.30 
4 59.14 0.38 58.55 0.82 
5 57.18 1.05 60.53 0.86 

















































































Figure 90: Plug bolt 2, variance of the flank angles for tightening 1 
In Figure 89, it can be seen that on turn 5 of side A, there is a maximum deviation of 2.81º from 
the standard and exceeds the tolerance. The average angle of the flanks on this turn was found to 






Individual Flank Angle Investigation 
After tightening 1, most of the flank angles of sides A and B deviate with a tendency to decrease 
the flank angle. 
Table 48: Plug Bolt 2, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2.92 1.58 0.11 0.39 4.92 -0.90 
2 
2.86 2.07 1.74 1.66 3.26 0.93 
3 
0.91 -0.46 1.04 0.78 2.72 0.42 
4 
1.82 1.06 0.63 0.09 2.51 -0.57 
5 
2.30 1.69 2.04 1.38 1.88 -0.96 
6 
3.21 2.06 2.26 1.38 2.22 -0.12 
7 
N/A 1.73 3.01 0.35 2.24 -1.34 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2.50 4.83 1.16 N/A 0.88 1.51 
2 
1.40 5.07 1.53 2.67 -0.30 1.38 
3 
-0.24 2.10 -0.28 2.52 -1.56 0.82 
4 
-0.87 2.35 -0.31 1.08 -0.82 0.57 
5 
1.14 2.06 -0.41 0.82 -0.19 0.67 
6 
-0.66 0.40 -0.74 0.54 0.04 0.99 
7 







































































1.1.1.3 Tightening Two 
Placement and tightening of the plug bolt by hand was possible and easy. The hanger was 
initially loaded with 30 kg of dead weight and the weights dropped to the floor. Once again the 
hanger was loaded to 30 kg and only a slight slip was noticed. The hanger was then loaded to 34 
kg and the weights dropped to the floor. Thereafter, the hanger kept dropping to the floor when a 
weight of 30 kg was applied. It was then assumed that either the internal or external threads may 
have stripped however, upon removal the threads were found to be intact. The gasket did not 
detach from the plug bolt but it did show signs of peeling and is depicted in Figure 93. One such 
cause of this phenomenon is due to the initial flanks causing an interference fit and as such the 
threads end up getting cut. Upon removal of the plug bolt no thread stripping was seen on either 
the internal or the external threads thus, the cause of the inability to reach the desired 400 Nm 
torque may be due to the threads being unable to develop sufficient friction between the threads. 
 
Figure 93: Plug bolt 2, tightening 2 - gasket condition 
Table 49: Plug bolt 2, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.77 1.22 59.81 1.61 
2 59.61 0.41 58.79 1.07 
3 60.22 0.26 58.23 1.78 
4 60.89 0.93 57.33 0.29 
5 57.66 0.25 58.76 0.83 




















































































Figure 95: Plug bolt 2, variance of the flank angles for tightening 2 
The highest average angle of the flanks is found to be on turn 4 of side B with a value of 57.33º. 
This value differs from the standard 60º by 2.67º and well exceeds the tolerance. A variance of 





Individual Flank Angle Investigation 
A noticeable decrease in flank angle deviation can be seen on sides 6A and 5B but a majority of 
the flank angles still reside in the positive region of the of the scatter plots.  
Table 50: Plug Bolt 2, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2.00 0.29 0.24 0.37 2.76 1.35 
2 
0.19 0.71 0.56 -0.28 2.34 3.25 
3 
0.81 0.64 -0.69 -0.93 1.56 0.98 
4 
0.68 -0.13 -0.72 -1.78 2.61 1.21 
5 
3.12 -0.72 -0.31 -0.96 3.01 1.69 
6 
0.61 1.21 -0.66 -2.43 2.00 2.50 
7 
N/A 0.74 0.04 -0.23 2.11 2.83 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2.50 2.93 2.93 N/A 1.84 3.33 
2 
1.23 2.21 3.91 3.64 2.77 1.13 
3 
0.29 0.92 2.46 2.57 1.71 2.26 
4 
-0.35 1.19 1.18 2.25 0.81 0.39 
5 
-1.01 0.95 0.40 2.25 0.80 2.31 
6 
-0.72 0.29 0.88 2.38 0.75 1.23 
7 





































































1.1.1.4 Tightening Three 
Hand placement and tightening of the plug bolt was possible and easy. The hanger was initially 
loaded with 30 kg of dead weight and the weights did not drop to the floor. The hanger was then 
loaded to 34 kg and the weights dropped significantly but did not reach the ground. Thereafter, 
the hanger was loaded to 38 kg and the weights dropped close to the ground but did not touch it. 
Thereafter, the hanger was loaded to 40 kg and no slip occurred. The gasket did not detach from 
the plug bolt and it was easy and possible to remove the plug bolt by hand after an initial use of 
the wrench to loosen it. 
Table 51: Plug bolt 2, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.10 0.37 60.72 1.75 
2 61.48 0.39 58.82 1.05 
3 58.13 1.73 59.61 0.47 
4 60.29 0.60 58.70 1.32 
5 58.08 1.21 60.03 1.21 




















































































Figure 99: Plug bolt 2, variance of the flank angles for tightening 3 
In Figure 98, turn 5 of side A shows the greatest average flank angle deviation from the standard 
60º. The average angle of the flanks for this region is 58.08º and has deviated by 1.92º from the 
standard. This value is found to exceed the tolerance. A maximum variance of 1.75º is found on 






Individual Flank Angle Investigation 
The scatter plot of side A, depicts an increase in the flank angle deviation with a larger number 
of the flank angles tending to or residing in the positive region of the scatter plot. Side B 
however, still illustrates a majority of the flank angles residing in the positive region. 
Table 52: Plug Bolt 2, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2.91 -2.57 2.62 0.40 2.37 1.55 
2 
2.07 -0.94 0.72 -0.56 3.70 -0.04 
3 
1.78 -2.10 -0.06 -0.71 1.59 -0.51 
4 
2.09 -1.36 1.68 -1.73 0.84 -0.87 
5 
1.34 -1.25 1.42 0.16 2.08 1.09 
6 
1.23 -1.21 3.46 -0.04 2.45 -0.03 
7 
N/A -0.90 3.28 0.46 0.40 1.11 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1.88 2.10 -0.09 N/A 1.60 0.67 
2 
0.00 1.38 1.48 2.40 0.27 0.70 
3 
-1.41 2.40 0.64 1.70 0.39 0.28 
4 
-2.11 0.72 0.84 1.49 -0.29 0.90 
5 
-1.14 1.27 -0.50 1.42 0.49 0.39 
6 
-0.74 1.11 0.50 1.73 -0.80 -0.05 
7 




































































1.1.1.5 Tightening Four 
The fourth tightening followed the space process and effort as for tightening 1. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket did not remain attached to the plug bolt. 
Table 53: Plug bolt 2, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.40 0.17 60.39 0.74 
2 58.24 0.22 59.25 0.60 
3 57.13 0.75 59.66 1.05 
4 58.90 0.75 59.45 0.14 
5 59.40 0.09 60.34 1.67 



















































































Figure 103: Plug bolt 2, variance of the flank angles for tightening 4 
In Figure 102, turn 3 of side A shows the highest average flank angle deviation from the standard 
60º. The average angle of the flanks for this region is 57.13º and has deviated by 2.87º from the 






Individual Flank Angle Investigation 
After undergoing a fourth tightening and loosening cycle, the flank angle deviations of side A 
almost completely lie in the positive region and the flank angles of side B, are tending towards 
the negative region of the plot. 
Table 54: Plug Bolt 2, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1.60 1.89 4.29 2.41 0.30 0.56 
2 
1.51 1.27 3.69 1.19 0.49 0.96 
3 
0.86 1.18 2.64 0.67 0.49 1.22 
4 
2.06 1.41 1.83 0.51 0.55 1.74 
5 
1.67 2.20 2.70 -0.17 0.38 2.22 
6 
1.89 2.31 2.07 1.89 1.15 2.27 
7 
N/A 2.05 2.89 1.17 0.84 2.19 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
0.90 0.71 1.74 N/A 1.54 0.18 
2 
0.26 2.08 0.87 1.05 0.94 -0.45 
3 
-0.64 0.95 0.79 0.54 0.04 0.42 
4 
-0.63 0.17 0.70 0.82 -0.95 -0.96 
5 
-1.53 1.27 -0.56 0.61 -0.63 -0.19 
6 
0.11 0.31 -1.36 0.24 -2.28 -1.15 
7 



































































1.1.1.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 1. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket detached from the plug bolt. 
Table 55: Plug bolt 2, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.58 0.29 60.94 1.67 
2 59.46 0.75 59.86 2.13 
3 58.10 0.92 62.00 0.80 
4 59.93 0.24 58.74 1.50 
5 59.64 0.43 61.66 1.07 













































































Figure 107: Plug bolt 2, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side B, with a flank angle of 62.0º and has 
deviated 2.0º from the standard and exceeds the tolerance. The maximum variance was found to 
be on turn 2 of side B, with a variance of 2.13º. The remaining averages for the flank angles are 
seen to stray significantly from the standard 60º in comparison to the results obtained prior to 





Individual Flank Angle Investigation 
A majority of the flank angles of side B have deviated such that an increase in flank angle can be 
seen. On side A, the flank angles mostly reside in the positive region. 
Table 56: Plug Bolt 2, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1.67 -1.07 2.02 0.59 -0.24 1.27 
2 
1.69 0.00 2.23 0.10 1.68 1.13 
3 
0.96 1.39 0.62 -0.31 -0.05 0.73 
4 
2.22 0.65 0.63 -0.38 0.60 1.04 
5 
0.78 0.68 1.91 0.33 -0.12 -0.06 
6 
1.20 0.68 2.90 -0.56 0.40 -0.06 
7 
N/A 1.46 2.96 0.69 0.25 0.58 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
0.76 2.42 -0.56 N/A -0.72 0.14 
2 
-0.26 1.45 -1.37 2.80 -1.57 -0.69 
3 
-0.08 -1.09 -1.52 2.18 -0.73 -0.49 
4 
-1.02 -0.25 -2.40 1.87 -2.59 0.36 
5 
-1.01 0.87 -2.28 0.93 -0.56 -0.42 
6 
-3.23 -1.21 -3.20 -0.32 -2.32 -2.23 
7 




































































1.1.1.7 Comparison of the Average Flank Angles 
In Figure 110, shows the comparisons of the average flank angles. The greatest deviation from 
the standard 60º occurred on side 3A of tightening 4 with the average angle of the flanks having 
a value of 57.13º and has deviated by 2.87º.  
A large number of the averages are found to lie between 58º the 60º but there is also a noticeable 
occurrence of the flank angles increasing beyond 60º. From this observation it can be deduced 
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1.1.2 Plug Bolt Three 
1.1.2.1 Prior to Tightening 
In Table 57, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt. The greatest variance is seen on turn 3 of side A with a value of 1.14º and turn 6 of side B 
has the greatest deviation from the standard 60º with an average flank angle of 57.86º and greatly 
exceeds the tolerance. Since the plug bolt has not yet been tightened this value is unusual. Either 
the quality of the manufacturing process is poor or there is some human error in the measuring 
technique used.  
Table 57: Plug bolt 3, average and variance of the flank angles prior to tightening  
 Side A (⁰) Side B (⁰) 
Turn Average (⁰) Variance Average Variance 
1 59.58 0.93 60.39 0.19 
2 60.55 0.57 59.38 0.10 
3 59.96 1.14 60.73 0.42 
4 59.66 1.14 59.17 0.26 
5 60.18 0.24 60.99 0.09 





















































































1.1.2.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 34 kg, 36 kg and 38 kg respectively and the weights dropped to the floor each time. 
The hanger was then loaded to 36 kg and the masses could not be sustained. Once the hanger 
was loaded to 32 kg, the hanger kept drooping to the ground. It is due to this that the plug bolt 
was prematurely removed. After an initial use of the wrench to loosen the bolt, it was possible to 
hand loosen it out of the parent plate. The gasket did not remain attached to the plug bolt and no 
extensive damage was found on the threads. Upon removal of the plug bolt no thread stripping 
was seen on either the internal or the external threads thus, the cause of the inability to reach the 
desired 400 Nm torque may be due to the threads being unable to develop sufficient friction 
between the threads. 
Table 58: Plug bolt 3, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.60 0.19 61.66 0.68 
2 59.85 0.67 57.72 1.98 
3 58.91 1.61 59.59 1.93 
4 59.46 0.42 58.16 0.54 
5 58.26 2.11 58.03 1.13 



















































































Figure 114: Plug bolt 3, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 6 of side B, with a flank angle of 57.52º and has 
deviated 2.48º from the standard. This value also greatly exceeds the tolerance. The maximum 





Individual Flank Angle Investigation 
Most of the flank angles of sides A and B, reside in the positive region with a small number of 
exceptions. The entire set of flank angles of side 1B have undergone an increase in flank angle 
and exceed the standard 60º. 
Table 59: Plug Bolt 3, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,22 -0,17 2,70 -0,41 N/A 3,30 
2 
1,81 -1,14 1,10 0,35 3,43 0,46 
3 
2,91 1,31 -0,97 -0,13 -0,69 -0,92 
4 
1,94 -0,29 1,29 1,13 1,87 2,26 
5 
2,52 -0,03 0,33 0,54 1,07 -1,22 
6 
2,45 0,89 0,68 1,27 1,85 1,89 
7 
N/A N/A 2,51 1,03 2,89 1,87 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-0,22 N/A 2,64 N/A N/A 7,69 
2 
-1,18 4,72 -0,04 1,03 3,25 1,87 
3 
-1,47 0,70 -0,34 1,15 1,66 -0,36 
4 
-1,64 2,51 2,10 2,74 3,18 3,29 
5 
-2,43 1,12 -0,96 2,59 1,15 0,67 
6 
-2,67 2,12 0,07 2,44 0,40 1,50 
7 



































































1.1.2.3 Tightening Two 
The hanger was initially loaded with 30 kg of dead weight and no slip was seen indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 34 kg and the weights dropped to the floor. The extension arm was loaded once, to 40 
kg in order to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the 
bolt, it was possible to hand loosen it out of the parent plate. The gasket remained attached to the 
plug bolt. 
Table 60: Plug bolt 3, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.70 1.21 60.96 1.30 
2 57.99 1.02 59.42 0.54 
3 58.83 0.53 61.80 0.81 
4 59.28 0.63 59.91 1.12 
5 58.92 0.67 60.90 0.51 

















































































Figure 118: Plug bolt 3, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side A, with a flank angle of 57.99º and has 
deviated 2.01º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
Side A, still depicts a large number of the flank angles residing in the positive region but side B 
illustrates that the flank angles are tending towards exceeding 60º. Flank 1 of side B lies in the 
positive region whereas the remaining flanks lie in the negative region. 
Table 61: Plug Bolt 3, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,94 1,67 2,20 0,87 N/A -0,21 
2 
-0,42 1,37 0,67 0,04 0,69 -0,75 
3 
1,25 1,59 0,68 0,10 0,91 -0,65 
4 
1,37 1,69 0,89 -0,33 0,33 0,36 
5 
1,68 2,62 0,23 1,25 0,39 0,58 
6 
3,29 4,04 1,70 1,31 1,76 0,99 
7 
N/A N/A 1,80 1,81 2,38 -0,21 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,42 N/A -0,25 N/A N/A 3,12 
2 
-0,93 1,66 -1,11 -0,38 -1,31 1,74 
3 
-0,98 0,17 -2,57 -0,55 -1,50 0,60 
4 
-1,82 0,02 -1,78 -0,01 -0,62 0,58 
5 
-1,87 0,83 -2,54 0,45 -0,64 0,59 
6 
-1,71 -0,28 -1,66 1,20 0,12 1,71 
7 




































































1.1.2.4 Tightening Three 
The hanger was initially loaded with 30 kg of dead weight without any slip. Thereafter, the 
hanger was loaded to 35 kg and the weights dropped but did not reach the floor. Once loaded to 
38 kg, a slight drop of the wrench occurred. The extension arm was then loaded 40 kg to reach 
an applied torque of 400 Nm. After an initial use of the wrench to loosen the bolt, it was possible 
to hand loosen it out of the parent plate. The gasket did not remain attached to the plug bolt. 
Table 62: Plug bolt 3, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.02 0.75 61.45 2.22 
2 60.92 2.93 59.89 0.21 
3 57.80 3.23 62.28 0.21 
4 59.72 1.58 60.17 0.49 
5 59.03 1.36 61.27 0.73 

















































































Figure 122: Plug bolt 3, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side B, with a flank angle of 62.28º and has 
deviated 2.28º from the standard. This value also exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
The flank angles of side A, still remain in the positive region after a third cycle of tightening and 
loosening. Majority of the flank angles of side B, have increased and lie in the negative region of 
the scatter plot. 
Table 63: Plug Bolt 3, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,06 -3,84 4,44 -2,04 N/A 0,69 
2 
0,00 -1,01 -0,59 1,52 0,73 0,14 
3 
0,62 -1,74 1,71 0,86 -0,55 0,45 
4 
1,06 0,49 0,81 -0,40 0,04 2,52 
5 
1,45 -0,67 1,73 0,20 1,01 1,24 
6 
2,50 1,58 3,84 1,60 2,43 2,89 
7 
N/A N/A 3,43 0,19 2,17 2,92 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-4,48 N/A -2,61 N/A N/A -3,75 
2 
-2,17 0,18 -2,05 0,26 -0,59 0,12 
3 
0,04 -0,32 -3,01 -0,34 -2,10 0,39 
4 
-1,14 -0,35 -2,44 0,10 -1,88 0,66 
5 
-0,75 0,00 -1,99 0,26 -2,08 0,10 
6 
-0,81 0,90 -1,62 0,41 -1,11 -0,05 
7 








































































1.1.2.5 Tightening Four 
Fully engaging the threaded region of the plug bolt into the parent plate was found to be difficult 
by hand and it was only possible to place the plug bolt in halfway through by hand. The hanger 
was initially loaded with 30 kg of dead weight and no slip of the wrench occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and a slight slip was noticed. The extension arm was loaded once to 40 kg to 
reach an applied torque of 400 Nm. It was not possible to remove the plug bolt at all by hand 
even after using the wrench to loosen the plug bolt. The gasket detached from the plug bolt and 
shards of the gasket material could be seen between the threads of the plug bolt although the 
extent of which was miniscule and could not be picked up by the camera. 
Table 64: Plug bolt 3, average and variance of the flank angles for Tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.49 1.33 59.11 0.76 
2 59.93 1.27 57.55 0.49 
3 59.17 0.45 57.97 0.22 
4 60.71 1.62 58.10 0.21 
5 57.73 0.54 60.30 1.11 



















































































Figure 126: Plug bolt 3, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side B, with a flank angle of 57.53º and has 
deviated 2.45º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The flank angles of side B, now lie almost entirely in the positive region of the plot whilst side A 
shows a similar set of fluctuations as with previous tightening and loosening cycles for this plug 
bolt.  
Table 65: Plug Bolt 3, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,03 -1,74 0,79 -3,57 N/A -0,91 
2 
1,28 -0,35 0,25 -0,09 2,96 -0,74 
3 
1,07 -0,32 0,50 -0,42 2,15 0,10 
4 
0,93 -0,46 0,52 -0,09 1,37 0,51 
5 
3,39 0,75 0,37 -0,08 2,33 1,74 
6 
2,79 1,66 1,17 -0,48 1,60 1,93 
7 
N/A N/A 2,19 -0,22 3,24 1,55 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
0,53 N/A 1,89 N/A N/A 1,41 
2 
1,86 3,45 2,49 1,97 0,36 1,78 
3 
1,77 2,48 2,20 1,63 -1,12 0,50 
4 
1,16 2,93 2,71 1,41 -1,30 0,10 
5 
0,05 1,41 1,50 1,91 -1,05 0,22 
6 
1,27 2,30 1,92 2,73 0,97 0,91 
7 




































































1.1.2.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 3. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt and was found to have some wear on the surface that 
comes into contact with the parent plate. 
Table 66: Plug bolt 3, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.83 0.47 59.78 1.23 
2 62.21 0.52 58.07 0.26 
3 58.62 0.64 60.20 0.27 
4 60.98 1.33 58.21 0.84 
5 59.11 1.15 60.65 0.88 




















































































Figure 130: Plug bolt 3, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side A, with a flank angle of 62.21º and has 
deviated 2.21º from the standard. The maximum variance was found to be on turn 6 of side A, 






Individual Flank Angle Investigation 
Side A, depicts an almost even spread of the flank angle deviations between the negative and 
positive regions. Side B, illustrates flank angle deviations similar to that seen in side A for 
previous cycles for this plug bolt. 
Table 67: Plug Bolt 3, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,17 -3,39 1,86 -1,51 N/A 0,97 
2 
1,86 -2,58 0,01 -1,72 -0,82 1,17 
3 
2,70 -1,46 0,57 -2,35 0,82 -0,25 
4 
1,40 -2,38 2,30 -1,32 0,40 3,34 
5 
2,53 -1,24 1,55 0,97 0,94 2,71 
6 
2,62 -2,07 1,59 0,17 1,70 2,74 
7 
N/A N/A 1,77 -1,07 2,28 1,85 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,51 N/A -0,16 N/A N/A 1,75 
2 
0,43 2,26 0,43 2,10 0,69 -0,65 
3 
-0,16 2,51 -0,77 1,25 -0,50 -0,99 
4 
0,20 2,25 0,50 1,37 -1,37 -0,28 
5 
-0,03 1,43 -0,75 0,35 -0,77 -1,45 
6 
-0,40 1,88 -0,12 1,68 -0,10 -0,98 
7 









































































1.1.2.7 Comparison of the Average Flank Angles 
The average flank angle that underwent the greatest deviation from the standard 60º occurred on 
side 6B of tightening 1 with the average angle of the flanks having a value of 57.52º and has 
deviated by 2.48º. Furthermore in Figure 133, a large number of the averages are found to be 































































54,00-56,00 56,00-58,00 58,00-60,00 60,00-62,00 62,00-64,00
 





1.1.3 Plug Bolt Four 
1.1.3.1 Prior to Tightening 
In Table 68, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The greatest variance 
is seen on turn 4 of side A with a value of 1.49º and turn 4 of side B has the greatest deviation 
from the standard 60º with an average flank angle of 57.70º. This value greatly exceeds the 
tolerance however, the remaining flanks lie within the tolerance. 
Table 68: Plug bolt 4, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.59 1.46 59.96 0.14 
2 60.55 1.18 60.16 0.10 
3 60.36 0.66 59.56 0.43 
4 60.07 1.49 57.70 0.34 
5 60.77 1.14 61.22 0.21 























































































1.1.3.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and there was no slip indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the weights dropped to the floor. The extension arm was loaded once to 40 
kg to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the bolt, it 
was possible to hand loosen it out of the parent plate. The gasket did not remain attached to the 
plug bolt. 
Table 69: Plug bolt 4, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.21 2.52 60.96 2.22 
2 60.07 2.05 60.65 12.68 
3 59.69 0.41 62.08 1.67 
4 60.03 0.44 59.47 0.96 
5 59.95 18.74 60.53 0.37 




















































































Figure 137: Plug bolt 4, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side B, with a flank angle of 62.08º and has 
deviated 2.08º from the standard. This value exceeds the tolerance. The maximum variance was 
found to be on turn 5 of side A, with a variance of 18.75º. Figure 138, shows that the first flank 
from the head of the plug bolt has deformed to 50.58º and is thus, the reason for the variance 
having such a high value. 
 





Individual Flank Angle Investigation 
The spread of the flank angle deviations of side A, is almost even between the negative and 
positive regions. The flank angles of side B, are seen to tend towards an increase in flank angle 
and the flank angle deviations lie mostly in the negative region of the scatter plot. 
Table 70: Plug Bolt 4, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,09 1,65 -0,01 -0,04 N/A N/A 
2 
1,01 -2,24 0,46 1,14 -2,59 -2,74 
3 
-0,81 -1,39 0,25 -0,31 -2,02 0,70 
4 
0,75 -0,49 -0,67 -0,93 -0,15 1,10 
5 
0,02 0,56 0,13 -0,53 -3,50 -0,60 
6 
2,58 1,45 1,43 0,24 -0,83 0,41 
7 
3,07 N/A 0,56 0,24 0,02 1,00 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,79 6,99 N/A N/A 0,44 -0,56 
2 
0,24 -0,02 -3,44 1,41 -0,72 -0,58 
3 
-2,02 -2,10 -3,42 1,28 -0,19 -1,77 
4 
-2,10 -2,07 -1,76 0,52 -1,43 -0,58 
5 
-0,81 -3,93 -2,42 1,21 -0,21 -1,85 
6 
-2,07 -1,37 -1,32 -1,01 -0,60 -1,81 
7 






































































1.1.3.3 Tightening Two 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded once to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to 
loosen the bolt, it was possible to hand loosen it out of the parent plate with some stiffness felt 
when just beginning to hand loosen. The gasket remained attached to the plug bolt. 
Table 71: Plug bolt 4, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.03 1.79 58.93 4.53 
2 58.22 1.15 61.00 1.33 
3 59.48 1.47 60.30 0.35 
4 59.18 2.87 58.08 0.74 
5 58.79 0.96 60.02 0.57 




















































































Figure 142: Plug bolt 4, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 6 of side A, with a flank angle of 58.03º and has 
deviated 1.97º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The spread of the flank angle deviations lie mostly in the positive regions of sides A and B. 
Table 72: Plug Bolt 4, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,67 1,37 0,45 4,19 N/A N/A 
2 
1,71 0,23 0,04 1,36 0,22 0,20 
3 
0,93 1,57 -1,76 -0,57 0,22 2,28 
4 
0,24 1,47 0,27 -0,96 0,67 0,46 
5 
1,48 2,79 1,59 0,26 1,83 1,20 
6 
1,88 3,54 1,82 0,48 1,36 3,24 
7 
2,23 N/A 1,20 1,01 2,97 4,43 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
5,64 0,42 N/A N/A 1,10 2,75 
2 
1,48 0,08 0,55 0,30 0,51 0,99 
3 
0,22 -1,16 -0,40 2,36 -0,98 -0,09 
4 
0,35 -1,77 -0,29 2,56 0,07 1,54 
5 
-0,16 -2,64 0,19 1,64 -0,02 0,78 
6 
0,67 -1,84 -0,99 2,41 -0,99 -0,40 
7 








































































1.1.3.4 Tightening Three 
Tightening the plug bolt by hand into place was possible but some stiffness was felt when the 
plug bolt was roughly 90% in. The third tightening followed the space process and effort as for 
tightening 2. After an initial use of the wrench to loosen the bolt, it was possible to hand loosen it 
out of the parent plate. The gasket remained attached to the plug bolt. 
Table 73: Plug bolt 4, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.72 1.43 59.78 0.93 
2 58.59 1.06 59.68 1.35 
3 59.27 1.31 59.95 0.45 
4 59.93 1.84 59.02 0.37 
5 60.10 1.39 60.14 0.29 















































































Figure 146: Plug bolt 4, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 57.72º and has 
deviated 2.28º from the standard. This value exceeds the tolerance. The maximum variance was 







Individual Flank Angle Investigation 
A similar spread of the flank angle deviation for tightening 2 can be seen for both sides A and B. 
Table 74: Plug Bolt 4, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,24 1,97 0,06 -1,62 N/A N/A 
2 
2,4 0,12 0,97 -0,69 0,03 2,88 
3 
0,24 0,54 -0,85 2,09 -1,62 0,56 
4 
2,29 1,72 -0,12 0,65 -1,2 -1,21 
5 
2,75 1,16 0,81 -1,13 -0,26 0,45 
6 
3,64 3,25 1,86 -0,19 0,45 1,71 
7 
3,39 N/A 2,41 1,36 2,02 1,79 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,51 2,57 N/A N/A -0,06 1,18 
2 
1,35 0,86 -0,24 -0,01 -0,81 1,2 
3 
-0,95 -0,63 -0,69 1,61 -0,5 0,72 
4 
0,09 -0,34 0,64 1 0,68 -0,07 
5 
0,55 0,43 -0,27 1,58 -0,53 0,98 
6 
-0,21 -0,86 -0,24 1,02 0,42 1,12 
7 




































































1.1.3.5 Tightening Four 
Tightening the plug bolt by hand into place was possible but some stiffness was felt when the 
plug bolt was roughly 90% in. The fourth tightening followed the space process and effort as for 
tightening 2. After an initial use of the wrench to loosen the bolt, it was possible to hand loosen it 
out of the parent plate. The gasket remained attached to the plug bolt. 
Table 75: Plug bolt 4, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.91 1.27 59.91 0.52 
2 59.54 1.29 59.37 1.51 
3 58.91 0.55 60.21 0.27 
4 59.61 1.00 59.12 0.64 
5 58.50 0.95 58.60 0.48 















































































Figure 150: Plug bolt 4, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 57.91º and has 
deviated 2.09º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
After a fourth tightening and loosening cycle, the flank angle deviations of plug bolt 4 lie mostly 
in the positive region for both sides A and B. 
Table 76: Plug Bolt 4, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,79 -1,00 0,90 -0,32 N/A N/A 
2 
2,50 0,18 1,45 2,44 2,00 -0,99 
3 
1,30 0,60 1,17 0,53 0,69 -1,12 
4 
1,19 0,95 -0,35 -0,66 0,40 0,11 
5 
1,90 0,63 0,45 0,10 0,35 1,38 
6 
2,97 2,49 1,68 0,55 2,32 2,47 
7 
3,97 N/A 1,80 0,12 2,31 1,81 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,21 2,25 N/A N/A 1,69 -0,59 
2 
0,74 2,48 0,07 1,18 1,74 -0,79 
3 
0,19 0,35 0,28 0,54 0,44 -0,65 
4 
-0,70 0,22 -1,06 -0,58 2,11 0,11 
5 
0,20 0,00 -0,18 1,23 2,13 -0,58 
6 
-0,63 -0,65 0,22 1,34 1,05 0,53 
7 






































































1.1.3.6 Tightening Five 
Tightening the plug bolt by hand into place was possible but some stiffness was felt when the 
plug bolt was roughly 90% in. The fifth tightening followed the space process and effort as for 
tightening 2. After an initial use of the wrench to loosen the bolt, it was possible to hand loosen it 
out of the parent plate. The gasket remained attached to the plug bolt. 
Table 77: Plug bolt 4, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.04 1.39 61.11 0.93 
2 58.75 1.66 61.00 1.11 
3 59.88 1.94 59.36 0.09 
4 59.51 0.91 57.93 1.38 
5 58.11 2.94 61.85 0.64 

















































































Figure 154: Plug bolt 4, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 57.04º and has 
deviated 2.28º from the standard.  This value exceeds the tolerance. The maximum variance was 







Individual Flank Angle Investigation 
Side B, depicts a large number of the flank angles deviating with a tendency to exceed the 
standard 60º. Whereas, almost all of the flank angles of side A, lie in the positive region of the 
plot. 
Table 78: Plug Bolt 4, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,34 0,02 -0,65 -0,73 N/A N/A 
2 
1,48 -0,35 -1,32 0,84 1,39 0,43 
3 
1,95 1,33 -0,82 -0,49 3,62 0,15 
4 
3,10 1,41 -1,53 0,28 1,43 0,42 
5 
3,30 2,63 1,05 0,59 1,24 0,47 
6 




2,38 0,79 4,24 2,55 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
0,79 1,12 N/A N/A -3,01 -2,09 
2 
-2,40 -0,46 0,62 4,36 -1,66 -0,44 
3 
-1,31 -1,15 0,86 1,38 -1,95 -0,61 
4 
-1,14 -1,27 0,14 1,18 -1,64 -0,39 
5 
-1,62 -1,63 0,89 1,48 -0,84 -1,45 
6 
-1,02 -2,01 0,46 2,19 -1,10 -1,30 
7 








































































1.1.3.7 Comparison of the Average Flank Angles 
In Figure 157, the contour graphs illustrate the comparisons of the average flank angles and the 
greatest deviation from the standard 60º occurred on Side 1A of tightening 5, with the average 
angle of the flanks having a value of 57.04º and has deviated by 2.28º. A majority of the 
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1.1.4 Plug Bolt Five 
1.1.4.1 Prior to Tightening 
In Table 79, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The greatest variance 
is seen on turn 3 of side A with a value of 1.25º and turn 2 of side B has the greatest deviation 
from the standard 60º with an average flank angle of 58.23º. This value is close to but not within 
the tolerance. However, a majority of the values are within the tolerance.  
Table 79: Plug bolt 5, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.27 0.61 60.23 0.33 
2 59.43 0.28 58.32 0.14 
3 60.08 1.25 60.03 0.32 
4 60.55 0.48 58.43 0.48 
5 59.64 0.83 61.14 0.14 






















































































1.1.4.2 Tightening One 
Hand tightening the plug bolt into the hole was possible but some stiffness was felt. The hanger 
was initially loaded with 30 kg of dead weight and no slip occurred indicating that the torque 
wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was loaded to 40 kg 
five times to reach an applied torque of 400 Nm. One possible reason that so many loadings were 
required is due to the height of the extension arm that allowed the weights to be safely loaded 
onto the hanger. After an initial use of the wrench to loosen the bolt, it was possible to hand 
loosen it out of the parent plate but it was not as easy to do so as with previous plug bolts. The 
gasket did not remain attached to the plug bolt. 
Table 80: Plug bolt 5, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.78 0.45 62.10 1.21 
2 59.29 0.77 61.10 1.61 
3 59.43 3.07 60.42 0.21 
4 59.43 1.96 59.03 0.20 
5 59.31 0.58 60.55 1.84 

















































































Figure 161: Plug bolt 5, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 57.79º and has 
deviated 2.21º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
A majority of the flank angle deviations of side A, lie in the positive region and the opposite is 
seen for side B. 
Table 81: Plug Bolt 5, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,23 1,54 -2,05 -0,31 2,07 N/A 
2 
1,97 0,35 1,43 1,00 1,00 -0,60 
3 
1,46 -0,26 -1,58 -1,52 0,28 0,74 
4 
2,40 0,06 0,51 1,29 -0,14 -0,84 
5 
1,37 0,02 1,13 -0,58 0,26 -0,28 
6 
2,97 1,23 2,45 1,71 0,22 0,39 
7 
3,09 2,00 2,09 2,39 1,13 1,31 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-0,46 1,24 N/A 1,18 2,22 2,76 
2 
-0,96 0,13 -0,23 0,58 0,18 2,51 
3 
-2,44 -1,46 -0,85 0,70 -0,82 0,16 
4 
-1,88 -1,80 0,35 0,97 -1,48 0,82 
5 
-3,04 -1,94 -0,88 0,87 -1,23 0,65 
6 
-2,35 -1,84 -0,44 0,62 -1,05 0,32 
7 






































































1.1.4.3 Tightening Two 
The hanger was initially loaded with 30 kg of dead weight and the weights fell to the ground. 
Using the torque wrench to tighten the plug bolt once again and then hanging 30 kg of dead 
weight to hanger resulted in no slip indicating that the torque wrench effectively tightened the 
plug bolt to 300 Nm. Thereafter, the hanger was loaded to 36 kg and the weights dropped to the 
floor. The extension arm was loaded once more to 40 kg to reach an applied torque of 400 Nm. 
After an initial use of the wrench to loosen the bolt, it was possible to hand loosen it out of the 
parent plate without difficulty. The gasket remained attached to the plug bolt and was found to 
undergo peeling of its surface as can be seen in Figure 164. This is due to the initial flanks 
undergoing an interference fit and as such ends up getting cut. 
 
Figure 164: Wear on the gasket of plug bolt 5 for tightening 2 
Table 82: Plug bolt 5, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.50 1.01 59.54 1.08 
2 58.95 1.32 59.62 2.56 
3 59.23 0.57 60.31 1.21 
4 58.73 0.45 60.49 0.30 
5 58.20 0.46 59.82 1.00 
















































































Figure 166: Plug bolt 5, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 57.50º and has 
deviated 2.50º from the standard. This value exceeds the tolerance. The maximum variance was 






Individual Flank Angle Investigation 
The deviations in flank angle of side A, are similar to that in tightening 1. The flank angle 
deviations of side B, are spread across the positive and negative regions but lie closely to each 
other thus, not deviating too extensively from 60º with respect to each other. 
Table 83: Plug Bolt 5, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,58 1,18 1,04 1,76 2,52 N/A 
2 
1,78 0,90 -0,30 1,89 1,00 0,75 
3 
1,37 1,70 0,19 0,69 1,48 0,66 
4 
2,22 -0,85 0,12 0,52 1,02 1,38 
5 
3,54 0,01 1,29 0,58 1,91 0,71 
6 
3,14 2,07 1,62 2,12 2,72 0,56 
7 
3,86 2,36 1,46 1,33 1,95 0,97 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,66 3,94 N/A -0,49 1,43 1,57 
2 
0,60 0,28 1,28 -0,11 1,75 -0,16 
3 
-0,30 -0,51 0,81 -1,17 -0,78 -0,17 
4 
0,52 0,07 -1,55 -0,08 0,02 0,39 
5 
-0,28 -0,30 -0,89 -1,05 -0,38 0,57 
6 
0,15 -0,60 -0,81 0,29 -0,28 -0,32 
7 





































































1.1.4.4 Tightening Three 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the weights dropped but not to the floor. The extension arm was loaded once 
to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the 
bolt, it was possible to hand loosen it out of the parent plate. The gasket remained attached to the 
plug bolt. 
Table 84: Plug bolt 5, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.09 0.39 59.37 0.51 
2 60.14 1.32 58.55 0.66 
3 58.72 0.53 59.18 1.07 
4 58.87 1.19 60.43 0.43 
5 58.68 0.38 60.55 0.47 

















































































Figure 170: Plug bolt 5, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side B, with a flank angle of 58.55º and has 
deviated 1.45º from the standard. This value does not exceed the tolerance and the remaining 
flank angle averages indicate that all the values are within the tolerance. The maximum variance 





Individual Flank Angle Investigation 
Most of the flank angle deviations lie in the positive region for both sides A and B. 
Table 85: Plug Bolt 5, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,31 -0,56 0,42 -0,70 0,97 N/A 
2 
0,68 -1,17 0,42 0,69 0,83 1,17 
3 
-0,29 -1,17 1,24 0,31 0,96 0,23 
4 
0,61 -0,65 0,91 1,85 0,88 -0,80 
5 
1,38 -0,26 1,84 2,19 1,51 -0,69 
6 
1,33 0,96 2,02 1,30 1,56 0,24 
7 
1,36 1,89 2,10 2,25 2,55 -0,34 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,39 3,01 N/A 1,00 0,69 3,25 
2 
0,62 1,12 1,81 -0,77 -1,22 1,79 
3 
0,34 1,31 1,24 -0,47 -0,41 1,49 
4 
0,39 1,92 1,09 -0,61 -0,93 1,03 
5 
1,33 0,98 1,28 -0,54 -1,31 1,02 
6 
1,02 0,49 0,67 -0,99 -0,40 1,09 
7 




































































1.1.4.5 Tightening Four 
The fourth tightening followed the space process and effort as for tightening 3. Hand loosening 
the plug bolt from the parent plate was only possible after roughly 40% of the plug bolt was 
loosened using the wrench. The gasket remained attached to the plug bolt. 
Table 86: Plug bolt 5, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.24 1.43 59.45 1.97 
2 59.74 0.20 57.87 0.62 
3 57.88 0.99 59.50 0.08 
4 58.83 0.92 60.15 0.66 
5 57.62 1.12 58.75 0.47 















































































Figure 174: Plug bolt 5, Variance of the Flank Angles for Tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side A, with a flank angle of 57.62º and has 
deviated 2.38º from the standard. This value exceeds the tolerance. The maximum variance was 







Individual Flank Angle Investigation 
The flank angles deviate in a similar manner as observed for tightening 3. 
Table 87: Plug Bolt 5, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,12 -0,22 0,50 0,72 2,84 N/A 
2 
-1,22 0,11 1,95 1,51 1,69 1,30 
3 
0,80 0,57 2,16 0,32 1,39 0,64 
4 
0,48 -0,12 2,16 -0,08 1,23 1,49 
5 
0,87 -0,03 1,63 1,00 2,14 0,42 
6 
1,72 1,00 3,77 2,37 3,33 1,19 
7 
2,55 0,52 2,67 2,37 4,04 2,35 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
3,67 3,58 N/A 1,45 2,20 1,59 
2 
0,33 2,48 0,73 -0,97 0,38 0,00 
3 
-0,06 1,57 0,53 -0,02 1,77 1,42 
4 
0,50 2,41 0,80 -0,18 1,15 1,31 
5 
-0,15 1,17 0,50 -0,93 0,38 0,95 
6 
-0,15 1,90 0,01 -0,44 1,32 1,44 
7 







































































1.1.4.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 3. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket did not remain attached to the plug bolt. 
Table 88: Plug bolt 5, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.47 0.82 59.77 1.25 
2 58.97 0.17 59.38 0.76 
3 58.37 0.89 58.93 0.14 
4 60.62 1.05 58.88 0.70 
5 57.27 0.28 59.45 0.39 

















































































Figure 178: Plug bolt 5, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side A, with a flank angle of 57.27º and has 
deviated 2.73º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The flank angles deviate in a similar manner as observed for tightening 3 and 4. 
Table 89: Plug Bolt 5, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,44 1,10 2,97 0,52 1,99 N/A 
2 
1,92 0,83 0,88 -0,32 2,56 1,19 
3 
1,13 1,26 0,37 -1,38 2,37 0,66 
4 
0,66 1,00 1,09 -2,19 2,56 0,83 
5 
1,90 1,33 1,41 -1,35 2,99 1,35 
6 
1,56 0,23 2,31 0,37 3,61 1,72 
7 
3,12 1,48 2,38 -0,02 3,06 2,42 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,18 2,22 N/A 2,63 1,73 2,04 
2 
0,43 1,08 1,29 1,19 0,77 1,25 
3 
-1,60 -0,16 0,76 -0,09 0,69 1,41 
4 
-0,11 1,00 1,24 1,38 0,52 1,47 
5 
0,13 0,37 1,26 0,61 -0,23 0,80 
6 
0,58 0,08 0,48 1,31 0,19 2,05 
7 







































































1.1.4.7 Comparison of the Average Flank Angles 
In Figure 181, the graph illustrates the comparisons of the average flank angles and the greatest 
deviation from the standard 60º occurred on Side 5A of tightening 5 with the average angle of 
the flanks having a value of 57.27º and has deviated by 2.73º. Furthermore, a large number of the 
averages are found to lie between 58º and 60º. The flanks thus, have a tendency to decrease from 
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1.1.5 Plug Bolt Six 
1.1.5.1 Prior to Tightening 
In Table 90, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The highest variance 
is seen on turn 3 of side A with a value of 2.06º and turn 1 of side B has the greatest deviation 
from the standard 60º with an average flank angle of 58.11º. This value exceeds the tolerance but 
the rest of the values are within the tolerance. 
Table 90: Plug bolt 6, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.11 0.58 60.22 0.32 
2 60.82 0.86 58.41 0.15 
3 59.25 2.06 62.09 0.59 
4 60.02 1.41 59.26 0.45 
5 59.69 1.35 59.88 0.24 















































































Figure 183: Plug bolt 6, variance of the flank angles prior to tightening 
1.1.5.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded twice to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to 
loosen the bolt, it was possible to hand loosen it out of the parent plate with ease. The gasket did 
not remain attached to the plug bolt. 
Table 91: Plug bolt 6, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.57 0.84 58.67 2.80 
2 60.47 0.81 58.33 19.65 
3 58.84 1.38 60.16 0.43 
4 58.19 1.02 59.60 0.90 
5 59.34 8.48 59.36 0.24 















































































Figure 185: Plug bolt 6, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side A, with a flank angle of 58.19º and has 
deviated 1.81º from the standard. This value is not within the tolerance. The maximum variance 
was found to be on turn 2 of side B, with a variance of 19.65º. Figure 186, shows that the first 
flank from the head of the plug bolt has deformed to 48.51º and is thus, the reason for the 





Figure 186: Plug bolt 6, flank angle measurements – tightening 1 
Individual Flank Angle Investigation 
A majority of the flank angles for both sides A and B lie in the positive region of the scatter plot. 
Flank 1 of side 2B shows extensive deviation of 11.49º from the standard 60º. 
Table 92: Plug Bolt 6, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,31 -1,58 2,28 3,39 6,87 N/A 
2 
0,50 -1,25 -0,05 1,44 -0,64 -2,52 
3 
-0,04 -0,64 0,41 0,91 -2,14 -1,65 
4 
0,28 -1,05 -0,12 0,49 -0,95 0,28 
5 
1,23 0,27 0,78 1,58 0,48 0,04 
6 
1,23 0,08 2,54 2,24 0,30 0,26 
7 
1,13 0,87 2,31 2,63 0,68 0,17 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
4,77 11,49 N/A -0,39 -0,21 2,60 
2 
1,68 0,32 -0,55 1,84 0,69 0,68 
3 
0,95 -2,02 -1,15 -0,31 0,55 1,20 
4 
-0,25 0,12 0,40 1,21 1,30 0,89 
5 





0,83 0,78 -0,40 0,63 0,31 0,89 
7 

































































1.1.5.3 Tightening Two 
The second tightening followed the space process and effort as for tightening 1. The wrench was 
needed to loosen the bolt until it was at least 90% out of the hole. The gasket did not remain 
attached to the plug bolt. 
Table 93: Plug bolt 6, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.15 1.84 60.10 2.54 
2 58.35 1.75 60.38 1.63 
3 59.39 0.83 58.75 0.62 
4 58.38 0.87 59.76 0.46 
5 57.80 1.57 61.05 0.68 

















































































Figure 190: Plug bolt 6, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 6 of side A, with a flank angle of 57.37º and has 
deviated 2.64º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
The flank angle deviation of side A, behaves similarly to that of tightening 1. The flanks of side 
B, are showing a tendency towards increasing the flank angle and flank 1 of side 2B, is no longer 
an extensive outlier in the data set. 
Table 94: Plug Bolt 6, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,09 4,10 2,24 3,56 -0,35 N/A 
2 
1,85 -0,32 0,70 1,82 2,26 3,82 
3 
1,86 1,09 0,56 0,99 1,65 2,19 
4 
2,82 1,28 -0,46 0,98 3,21 2,51 
5 
2,72 1,62 -0,41 0,87 2,81 0,93 
6 
2,21 1,75 0,61 1,39 3,21 3,51 
7 
2,60 2,00 1,00 1,73 2,63 2,85 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
3,02 2,31 N/A -0,45 0,08 2,91 
2 
0,09 -0,55 2,50 1,51 0,02 0,22 
3 
0,42 -1,59 1,95 -0,51 -1,10 -0,35 
4 
-0,69 -1,04 0,92 0,27 -1,66 -2,06 
5 
-0,75 -0,09 0,60 0,18 -1,58 -1,94 
6 
-0,67 -0,67 0,60 0,10 -1,07 -1,64 
7 





































































1.1.5.4 Tightening Three 
Placement of the plug bolt into the hole was not easy to do so by hand and the wrench was 
needed to screw the plug bolt completely into the hole. The hanger was initially loaded with 30 
kg of dead weight and no slip occurred indicating that the torque wrench effectively tightened 
the plug bolt to 300 Nm. Thereafter, the hanger was loaded to 38 kg and the weights dropped but 
not to the floor. The extension arm was loaded once to 40 kg to reach an applied torque of 400 
Nm. The wrench was needed to loosen the bolt until it was at least 98% out of the hole. The 
gasket detached from the plug bolt. 
Table 95: Plug bolt 6, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.24 0.23 58.69 2.47 
2 59.21 1.15 59.04 5.92 
3 59.05 1.07 60.38 0.70 
4 58.37 0.95 58.99 1.15 
5 57.30 2.84 58.74 0.80 















































































Figure 194: Plug bolt 6, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side A, with a flank angle of 57.30º and has 
deviated 2.70º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
The deviation in flank angle of side A follows a similar deviation as seen in tightening 1 and 2. 
The flank angle deviations of side B also lies mostly in the positive region with flank 1 of side 
2B, being an extensive outlier in the data set once again. 
Table 96: Plug Bolt 6, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,02 2,23 1,41 2,51 5,65 N/A 
2 
1,53 1,08 -0,56 1,53 1,35 1,67 
3 
0,88 0,33 0,82 2,35 0,68 1,02 
4 
1,61 -0,85 -0,23 -0,42 1,70 1,37 
5 
1,77 -0,09 1,07 2,09 2,48 1,70 
6 
2,33 1,79 1,92 1,64 3,68 1,55 
7 
2,15 1,03 2,21 1,71 3,35 1,81 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
4,60 6,40 N/A 2,66 3,06 2,46 
2 
1,43 0,88 0,70 1,41 1,30 1,16 
3 
1,51 0,16 -0,31 1,83 1,64 0,94 
4 
1,00 0,12 -0,04 0,93 0,96 -0,37 
5 
0,58 -0,18 -0,09 0,58 0,88 -0,18 
6 
-0,04 -0,42 -1,79 -0,57 0,49 0,57 
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1.1.5.5 Tightening Four 
Placement of the plug bolt into the hole was not easy to do so by hand and the wrench was 
needed to screw the plug bolt completely into the hole. The fourth tightening followed the space 
process and effort as for tightening 3. The wrench was needed to loosen the bolt until it was at 
least 98% out of the hole. The gasket detached from the plug bolt. 
Table 97: Plug bolt 6, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.35 0.80 57.24 1.28 
2 57.14 0.16 57.08 0.86 
3 57.72 1.07 57.55 0.39 
4 57.66 0.20 58.04 0.25 
5 59.01 2.45 58.39 0.46 
















































































Figure 198: Plug bolt 6, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side B, with a flank angle of 57.08º and has 
deviated 2.92º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
None of the flank angles of side A, have deviated such that they lie in the negative region of the 
plot. Side B however, illustrates an almost even spread of the points in the negative and positive 
regions of the scatter plot. 
Table 98: Plug Bolt 6, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,36 2,44 2,44 3,09 -1,98 N/A 
2 
2,84 2,70 0,38 1,81 1,16 0,72 
3 
2,51 3,47 2,95 1,97 0,69 2,32 
4 
1,09 2,40 3,47 1,95 0,25 2,20 
5 
3,27 2,88 1,48 2,51 1,92 2,22 
6 
4,00 3,24 2,80 2,51 2,52 1,46 
7 
2,45 2,86 2,47 2,51 2,40 2,80 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
4,50 4,56 N/A 1,33 2,11 2,72 
2 
2,98 2,54 2,83 1,84 1,63 2,99 
3 
3,28 2,08 1,57 2,10 2,77 1,85 
4 
3,13 2,96 2,98 2,21 1,61 1,81 
5 
2,70 3,35 3,14 2,50 0,94 1,06 
6 
1,78 3,20 2,00 2,43 1,38 1,20 
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1.1.5.6 Tightening Five 
Placement of the plug bolt into the hole was not easy to do so by hand and the wrench was 
needed to screw the plug bolt completely into the hole. The fifth tightening followed the space 
process and effort as for tightening 3. The wrench was needed to loosen the bolt until it was 
completely out of the hole. The gasket fractured and on the hole of the parent plate some peeling 
could be seen at the first internal thread. Refer to Figure 201, the red arrows show the region of 
fracture on the gasket and the internal thread separation on hole six.  
 
Figure 201: Plug bolt 6, fracture of the gasket and internal thread separation  
 
Table 99: Plug bolt 6, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.04 0.32 59.04 0.44 
2 56.02 1.13 58.18 0.64 
3 58.09 2.04 58.56 0.47 
4 58.30 1.23 56.79 0.37 
5 57.14 5.49 58.60 0.29 







































































Figure 203: Plug bolt 6, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side A, with a flank angle of 56.02º and has 
deviated 3.98º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
The flank angles of both sides A and B, lie mostly in the positive region of the scatter plot. 
Table 100: Plug Bolt 6, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
2,40 3,15 1,38 1,18 7,69 N/A 
2 
3,44 2,97 1,54 -0,16 0,66 -0,40 
3 
3,32 2,64 1,38 2,16 1,39 0,42 
4 
2,09 4,12 -0,45 1,38 1,34 1,81 
5 
2,72 5,28 2,37 2,23 2,80 0,72 
6 
3,56 4,98 3,24 1,67 2,74 2,77 
7 
3,17 4,71 3,90 3,45 3,37 4,73 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,69 0,47 N/A 3,70 1,32 5,23 
2 
-0,06 3,14 2,04 3,70 1,32 4,04 
3 
0,40 1,63 0,72 3,18 2,08 3,27 
4 
1,13 1,80 2,21 2,82 0,63 2,20 
5 
0,75 2,11 0,52 2,66 1,84 2,61 
6 
1,08 1,53 1,64 4,01 1,79 3,67 
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1.1.5.7 Comparison of the Average Flank Angles 
In Figure 206, the graphs illustrate the comparisons of the average flank angles and the greatest 
deviation from the standard 60º occurred on Side 2A of tightening 5, with the average angle of 
the flanks having a value of 56.02º and has deviated by 3.98º. Furthermore, a large number of the 
averages are found to lie between 58º the 60º. From this observation it can be deduced that a 
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1.1.6 Plug Bolt Seven 
1.1.6.1 Prior to Tightening 
In Table 101, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The highest variance 
is seen on turn 2 of Side A with a value of 1.62º and turn 4 of Side A has the greatest deviation 
from the standard 60º with an average flank angle of 61.67º. This value is found to be out of the 
tolerance by 0.0015º. The remaining values are found to be within the tolerance. 
Table 101: Plug bolt 7, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 60.57 0.11 60.82 0.11 
2 60.72 1.62 58.84 0.55 
3 59.48 0.83 59.19 0.17 
4 61.67 1.61 58.34 0.52 
5 59.12 0.91 61.42 0.11 
























































































1.1.6.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded four times to 40 kg to reach an applied torque of 400 Nm. After an initial use of the 
wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The gasket did 
not remain attached to the plug bolt. 
Table 102: Plug bolt 7, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.18 0.94 59.07 2.36 
2 59.61 0.66 59.44 1.99 
3 56.91 3.51 58.53 0.13 
4 59.37 1.04 58.86 1.84 
5 58.58 0.70 59.07 0.28 

















































































Figure 210: Plug bolt 7, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side A, with a flank angle of 56.92º and has 
deviated 3.09º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
A majority of the flank angles for sides A and B, reside in the positive region of the scatter plot. 
Two outliers, flank 1 of side 3A and flank 1 of side 6B, can be seen deviating furthest from the 
standard and the rest of the points in the data set.  
Table 103” Plug Bolt 7, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,03 0,47 7,19 2,62 1,28 N/A 
2 
1,06 0,80 3,04 -0,52 1,44 -0,04 
3 
0,34 -0,02 2,55 0,04 0,30 0,75 
4 
0,62 -0,75 2,10 1,18 0,89 -0,06 
5 
1,24 -0,31 1,85 0,43 1,21 1,25 
6 
1,64 0,88 2,97 0,53 1,82 0,49 
7 
1,84 1,64 1,90 0,13 2,98 1,25 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
4,10 2,86 N/A N/A 1,50 7,12 
2 
0,72 1,65 1,58 -0,96 1,61 3,02 
3 
0,87 0,86 0,91 2,99 1,07 1,90 
4 
1,39 0,59 1,89 0,34 0,51 0,79 
5 
0,06 -0,56 1,20 1,38 0,97 0,25 
6 
-0,10 -1,36 1,78 1,13 0,73 1,57 
7 











































































1.1.6.3 Tightening Two 
The second tightening followed the space process and effort as for tightening 1. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt. 
Table 104: Plug bolt 7, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.45 0.77 60.01 1.32 
2 61.24 2.69 59.05 0.52 
3 61.15 1.10 59.40 0.39 
4 61.67 0.36 59.52 0.32 
5 59.88 1.94 59.90 0.47 

















































































Figure 214: Plug bolt 7, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side A, with a flank angle of 61.67º and has 
deviated 1.67º from the standard. This average flank angle is the same average flank angle found 
for turn four of side A prior to tightening and is therefore, only 0.0015º out of the tolerance. The 





Individual Flank Angle Investigation 
Most of the flank angle deviations of side A, lie in the negative region of the plot whereas the 
deviations of side B, are still mostly seen in the positive region. 
Table 105: Plug Bolt 7, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0,22 0,04 -0,29 -1,09 -1,98 N/A 
2 
0,59 -1,56 -2,64 -0,91 -0,36 -1,95 
3 
0,52 -4,48 -1,61 -2,31 -0,76 0,52 
4 
-0,20 -1,72 -2,07 -2,35 -0,06 0,53 
5 
0,45 -1,17 -0,62 -2,14 2,41 0,12 
6 
0,32 0,29 -1,21 -1,26 0,60 0,01 
7 
2,39 -0,08 0,37 -1,62 0,97 0,60 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,04 2,41 N/A N/A 1,48 2,60 
2 
0,44 0,34 1,41 0,65 -0,45 0,52 
3 
-0,06 0,82 1,16 0,81 0,33 -0,65 
4 
-1,31 0,29 0,03 1,32 -0,36 0,51 
5 
0,34 0,69 0,87 0,30 -0,44 1,33 
6 
-0,26 1,20 0,16 -0,02 -0,05 1,03 
7 









































































1.1.6.4 Tightening Three 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the weights dropped but not to the floor. The extension arm was loaded once 
to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the 
bolt, it was possible to hand loosen it out of the parent plate. The gasket remained attached to the 
plug bolt. 
Table 106: Plug bolt 7, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.96 2.59 59.55 0.74 
2 60.75 1.45 60.25 0.83 
3 58.64 1.83 61.97 0.21 
4 60.15 0.39 59.84 0.62 
5 58.92 2.09 59.54 1.46 
















































































Figure 218: Plug bolt 7, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side B, with a flank angle of 61.97º and has 
deviated 1.97⁰ from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The flank angles of sides A and B, are somewhat evenly spread across the negative and positive 
regions. 
Table 107: Plug Bolt 7, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0,12 -1,54 -0,96 0,78 3,39 N/A 
2 
-0,12 -2,76 1,35 -0,06 1,57 -0,72 
3 
-1,13 -1,23 1,00 -0,71 -0,03 -1,74 
4 
1,45 -0,53 0,48 -0,33 -0,16 -0,91 
5 
1,45 0,19 3,04 -1,06 -0,26 -0,56 
6 
2,15 -0,24 2,29 0,35 0,53 0,32 
7 
3,60 0,87 2,35 -0,02 2,52 0,19 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,89 1,71 N/A N/A 2,64 1,48 
2 
0,73 -0,26 -1,23 0,15 0,01 0,06 
3 
1,02 -0,75 -2,59 0,20 1,40 -0,08 
4 
-0,20 -0,75 -2,14 -0,87 0,43 -1,52 
5 
0,58 -1,04 -1,87 0,82 -0,19 0,42 
6 
-0,53 -0,41 -1,81 -0,56 0 -1,15 
7 





































































1.1.6.5 Tightening Four 
The fourth tightening followed the space process and effort as for tightening 3. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt. 
Table 108: Plug bolt 2, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.36 1.93 60.31 1.09 
2 58.97 2.08 58.75 0.41 
3 58.70 1.57 61.00 0.33 
4 59.50 1.14 58.81 0.75 
5 58.82 1.64 61.06 0.24 















































































Figure 222: Plug bolt 7, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of Side A, with a flank angle of 58.36º and has 
deviated 1.64º from the standard. This value is found to be within the tolerance. The maximum 





Individual Flank Angle Investigation 
The flank angle deviations of side A, lie mostly in the positive region whereas the data set of side 
B, lie noticeably in both regions with a tendency of the flank angles to decrease from the 
standard.  
Table 109: Plug Bolt 7, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,47 0 2,14 1,89 -1,05 N/A 
2 
-0,59 0,05 0,39 -0,81 0,46 0,55 
3 
0,69 -0,55 0,52 -0,14 0,61 -0,48 
4 
1,89 0,27 -0,53 -0,70 1,74 -0,18 
5 
1,43 1,62 1,25 0,87 1,46 1,65 
6 
3,02 3,09 2,97 0,84 2,50 1,47 
7 
3,55 2,70 2,37 1,53 2,55 1,95 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,90 -0,03 N/A N/A -0,83 1,43 
2 
-0,08 1,91 -0,58 2,65 -0,49 0,77 
3 
-0,31 1,51 -0,38 1,72 -1,75 0,07 
4 
-1,14 1,58 -1,53 0,54 -1,69 -0,46 
5 
-0,89 1,00 -1,55 0,31 -1,16 0,62 
6 
-0,95 1,13 -0,48 0,95 -0,86 0,47 
7 






































































1.1.6.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 3. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt. 
Table 110: Plug bolt 7, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.46 1.82 59.04 0.93 
2 59.49 1.66 58.29 0.35 
3 59.54 1.33 59.72 0.47 
4 59.92 0.57 59.03 0.19 
5 57.65 0.92 59.64 0.46 




















































































Figure 226: Plug bolt 7, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side A, with a flank angle of 57.65º and has 
deviated 2.35º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
Both sides A and B, illustrate that the flank angle deviations have a tendency to decrease from 
the standard. 
Table 111: Plug Bolt 7, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,69 -1,14 1,37 -0,11 1,27 N/A 
2 
-0,38 -0,57 -0,39 -0,97 2,70 0,26 
3 
-0,21 -0,53 -1,27 -0,53 2,03 -0,03 
4 
1,55 0,61 -0,22 -0,12 1,44 1,00 
5 
2,73 1,67 0,41 0,45 1,94 1,42 
6 
2,92 1,23 1,84 1,32 3,11 1,37 
7 
2,46 2,28 1,48 0,52 3,95 1,03 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,68 2,37 N/A N/A 1,47 2,12 
2 
-0,19 2,38 0,84 1,56 0,33 0,83 
3 
0,81 0,91 0,01 0,77 0,70 0,49 
4 
0,73 0,98 1,06 1,13 0,14 -0,42 
5 
0,07 1,67 0,07 0,31 0,66 0,19 
6 
1,01 1,97 0,55 0,82 -0,08 0,35 
7 






































































1.1.6.7 Comparison of the Average Flank Angles 
In Figure 229, the graphs illustrate the comparisons of the average flank angles and the greatest 
deviation from the standard 60º occurred on Side 3A of tightening 1 with the average angle of 
the flanks having a value of 56.91º and has deviated by 3.09º. Furthermore, a large number of the 
averages are found to lie between 58º and 60º. From this observation it can be deduced that a 
majority of the flanks have a tendency to undergo a reduction in flank angle. In this case there is 
also a high number of values that lie between 60º and 62º however, after the final tightening and 
loosening cycle the flank angles deviate such that the deviations decrease the flank angle from 
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1.1.7  Plug Bolt Eight 
1.1.7.1 Prior to Tightening 
In Table 112, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The highest variance 
is seen on turn 3 of Side A with a value of 2.24º and turn 5 of Side A has the greatest deviation 
from the standard 60º with an average flank angle of 58.29º. This value exceeds the tolerance 
whereas the remaining values are found to be within the tolerance. 
Table 112: Plug bolt 8, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.32 0.59 59.60 0.48 
2 60.60 0.46 59.30 0.52 
3 59.33 2.236 61.30 0.13 
4 61.25 0.75 58.71 0.26 
5 58.29 2.08 61.28 0.07 




















































































1.1.7.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded twice to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to 
loosen the bolt, it was possible to hand loosen it out of the parent plate. The gasket remained 
attached to the plug bolt. 
Table 113: Plug bolt 8, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.45 1.85 60.97 0.84 
2 60.37 1.09 59.22 16.62 
3 60.08 1.97 60.68 0.47 
4 60.80 1.94 61.86 1.26 
5 60.06 4.16 59.66 0.94 


















































































Figure 233: Plug bolt 8, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 6 of Side A, with a flank angle of 62.19º and has 
deviated 2.19º from the standard. This value exceeds the tolerance. The maximum variance was 
found to be on turn 2 of Side B, with a variance of 16.62º. Figure 234, shows that the first flank 
from the head of the plug bolt has deformed to 50.01º and is thus, the reason for the variance 
having such a high value. 
 





Individual Flank Angle Investigation 
Majority of the flank angles of sides A and B, lie in the negative region of the scatter plot. Flank 
1 of side 2B, is an outlier and has deviated by 9.99º from the standard. 
Table 114: Plug Bolt 8, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0,34 -0,14 0,75 -2,34 4,19 N/A 
2 
-0,34 -0,83 -2,18 -1,76 -1,65 -2,45 
3 
-0,52 -1,55 -0,37 -2,14 -1,43 -2,54 
4 
-0,75 -0,81 -0,78 -1,24 -0,63 -3,83 
5 
1,15 -0,85 -0,96 0,50 -1,37 -2,80 
6 
2,13 -0,11 1,08 0,39 -0,14 -0,94 
7 
2,50 1,73 1,92 1,00 0,59 -0,58 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-2,34 9,99 N/A -0,70 2,29 1,31 
2 
-0,48 -0,39 -1,64 -2,51 0,04 0,81 
3 
-1,85 -1,41 -0,20 -3,23 0,49 -0,76 
4 
-1,51 -0,79 -1,21 -2,81 -0,05 -0,11 
5 
-0,49 -0,98 -0,18 -1,76 -0,90 0,07 
6 
-0,07 -0,38 0,08 -0,13 0,21 0,95 
7 




































































Figure 236: Plug bolt 8, variation in flank angle for side B of tightening 1 
1.1.7.3 Tightening Two 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the weights dropped to the floor. The extension arm was loaded once more 
38 kg and then to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench 
to loosen the bolt, it was possible to hand loosen it out of the parent plate. The gasket detached 




Table 115: Plug bolt 8, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.89 2.16 60.43 1.33 
2 60.65 1.40 59.92 1.65 
3 61.04 1.82 60.68 0.58 
4 60.63 0.49 59.07 0.27 
5 59.74 1.74 59.54 0.39 















































































Figure 238: Plug bolt 8, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side A, with a flank angle of 58.89º and has 
deviated 1.11º from the standard. This value is within the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
After a second tightening and loosening cycle, the flank angle deviations of side A, still reside 
mostly in the negative region whereas the deviations of side B, are almost evenly spread between 
the negative and positive regions. 
Table 116: Plug Bolt 8, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,15 -1,89 -0,08 -0,25 0,67 N/A 
2 
0,44 -1,20 -2,98 -0,90 -0,87 -2,05 
3 
-0,38 -1,50 -2,14 -1,11 0,33 -0,01 
4 
-0,21 -1,35 -1,86 -1,87 -2,05 -1,16 
5 
1,81 -0,36 -1,07 -0,18 0,63 -0,77 
6 
2,84 0,32 0,22 -0,28 1,28 1,20 
7 
3,15 1,43 0,63 0,18 1,83 1,43 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,27 2,38 N/A 0,59 1,23 -0,38 
2 
0,50 0,35 0,58 1,30 1,20 0,97 
3 
-0,25 0,81 -0,79 0,56 0,13 -0,66 
4 
0,01 -0,64 -1,42 0,29 -0,29 -0,70 
5 
-1,91 -1,18 -1,44 1,33 -0,20 -0,45 
6 
-1,64 -1,29 -0,26 0,69 0,75 -0,52 
7 










































































1.1.7.4 Tightening Three 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the masses dropped to the floor. On the next loading, upon reaching 36 kg 
the masses dropped to the floor. The extension arm was then loaded to 40 kg and the masses 
dropped to the floor. Once again, upon reaching 38 kg the masses drop to the floor and on the 
next loading the hanger managed to sustain the 40 kg mass without dropping to the floor. After 
an initial use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent 
plate. The gasket did not remain attached to the plug bolt. 
The phenomena experienced above may be due to the gasket getting flatter with each tightening 
of the plug bolt thus, allowing the head of the plug bolt to get closer and closer to coming into 
contact with the front surface of the parent plate. 
Table 117: Plug bolt 8, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.55 3.51 59.21 0.24 
2 59.11 0.99 59.76 1.02 
3 60.15 3.62 60.40 0.40 
4 59.57 1.68 58.65 0.23 
5 58.50 1.69 58.91 0.96 


















































































Figure 242: Plug bolt 8, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of Side A, with a flank angle of 58.50º and has 
deviated 1.50º from the standard. This value is found to be within the tolerance. The maximum 





Individual Flank Angle Investigation 
The deviations of side A, are now observed to be almost evenly spread between the positive and 
negative regions. Majority of the flank angles of side B, have deviated such that a decrease in 
flank angle is illustrated across most of the dataset.  
Table 118: Plug Bolt 8, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-1,62 -0,20 -2,51 -1,44 2,74 N/A 
2 
-0,88 0,15 0,74 2,31 0,44 -0,20 
3 
-0,27 0,03 -1,93 -0,06 0,17 -0,94 
4 
-1,20 0,71 -1,38 -0,10 -0,15 0,14 
5 
2,02 1,92 0,15 -0,39 1,99 1,62 
6 
3,01 1,20 0,97 1,00 2,83 2,83 
7 
2,11 2,40 2,90 1,66 2,48 1,09 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,61 1,59 N/A 1,85 1,75 1,07 
2 
1,28 1,73 -0,93 1,86 1,34 1,75 
3 
0,58 -0,28 -0,57 1,24 1,60 0,49 
4 
0,61 -0,14 -1,26 0,45 0,44 -0,38 
5 
0,80 0,14 0,21 1,41 -0,77 -0,32 
6 
0,43 -0,76 0,30 1,41 1,14 0,60 
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1.1.7.5 Tightening Four 
The fourth tightening followed the space process and effort as for tightening 1. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt. 
Table 119: Plug bolt 8, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.49 0.72 58.86 0.37 
2 59.83 1.89 60.14 1.12 
3 59.79 0.65 60.49 1.14 
4 59.47 1.98 59.42 0.36 
5 59.26 1.56 58.12 0.29 
















































































Figure 246: Plug bolt 8, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of side B, with a flank angle of 58.12º and has 
deviated 1.88º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The flank angle deviations of sides A and B, reside mostly in the positive region. Some 
noticeable exceptions can be observed but is expected considering the observations made in 
previous instances. 
Table 120: Plug Bolt 8, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,35 -1,26 -0,12 -0,50 1,41 N/A 
2 
0,84 -0,26 -0,92 -0,16 -0,60 -3,13 
3 
0,45 -1,06 -0,14 -0,92 -0,71 -1,57 
4 
1,07 -0,71 -0,17 -0,33 0,22 -1,29 
5 
1,60 0,57 0,92 0,85 0,87 0,01 
6 
2,79 1,54 0,42 1,91 1,10 0,51 
7 
2,44 2,36 1,51 2,87 2,89 1,10 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,31 1,81 N/A -0,30 2,38 1,52 
2 
0,56 -0,60 -2,23 0,12 1,72 1,71 
3 
0,84 -0,52 -0,67 0,40 0,97 0,16 
4 
1,38 -1,15 -0,65 1,08 1,50 0,75 
5 
1,22 -0,67 0,05 0,60 1,98 1,64 
6 
0,55 -0,70 -0,48 1,51 2,46 1,04 
7 





































































1.1.7.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 1. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt and was found to have some wear on the surface that 
comes into contact with the parent plate. 
Table 121: Plug bolt 8, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.73 1.31 61.35 0.99 
2 60.05 0.62 59.33 1.17 
3 59.95 4.41 60.73 0.17 
4 59.93 1.86 59.56 0.15 
5 59.08 1.66 59.48 0.80 




















































































Figure 250: Plug bolt 8, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of side B, with a flank angle of 61.35º and has 
deviated 1.35º from the standard. This value is found to be within the tolerance. The maximum 







Individual Flank Angle Investigation 
The flank angle deviations for sides A and B, are almost evenly spread across the negative and 
positive regions. 
Table 122: Plug Bolt 8, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0,71 -0,72 -1,57 -1,67 1,99 N/A 
2 
-0,26 0,02 0,98 0,10 -0,71 -0,24 
3 
-0,07 -1,07 -2,13 -1,56 -0,31 -0,81 
4 
-0,60 -0,60 -1,95 0,17 0,61 -1,42 
5 
-0,29 0,17 0,00 0,04 0,38 0,10 
6 
1,60 0,92 1,48 1,41 1,58 0,77 
7 
2,19 0,92 3,54 1,98 2,88 2,38 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-2,16 2,46 N/A 1,07 2,26 0,18 
2 
0,55 0,70 -0,69 0,43 0,93 1,04 
3 
-2,21 -0,35 -1,03 0,57 -0,14 0,06 
4 
-1,14 -0,55 -1,29 0,37 -0,44 -0,48 
5 
-1,72 0,02 -0,46 -0,19 0,08 0,36 
6 
-0,76 0,82 -0,75 0,57 0,38 0,74 
7 




































































1.1.7.7 Comparison of the Average Flank Angles 
In Figure 253, the graph illustrates the comparisons of the average flank angles and the greatest 
deviation from the standard 60º occurred on Side 6A of tightening 1 with the average angle of 
the flanks having a value of 62.19º and has deviated by 2.19º. Furthermore, a significant number 
of the averages are found to lie between 58º and 60º. From this observation it can be deduced 
that a majority of the flanks have a tendency to undergo a reduction in flank angle. Plug bolt 
eight shows the least amount of variation in the average angle of the flanks in comparison to the 
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1.1.8  Plug Bolt Nine 
1.1.8.1 Prior to Tightening 
In Table 123, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The highest variance 
is seen on turn 3 of Side A with a value of 2.16º and turn 3 of Side B has the greatest deviation 
from the standard 60º with an average flank angle of 61.83º. This value exceeds the tolerance 
however, the rest of the flank averages are found to be within the tolerance. 
Table 123: Plug bolt 9, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.94 1.23 59.95 0.19 
2 60.00 1.76 59.77 0.10 
3 59.44 2.16 61.83 0.24 
4 61.18 1.67 59.44 0.17 
5 60.21 1.59 61.03 0.34 




















































































1.1.8.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded twice to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to 
loosen the bolt, it was possible to hand loosen it out of the parent plate. The gasket did not 
remain attached to the plug bolt and there were signs of the first thread separating from the plug 
bolt. 
 
Figure 256: Plug bolt 9, thread separation 
Table 124: Plug bolt 9, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 60.85 1.20 61.98 3.49 
2 61.05 4.02 61.22 10.85 
3 59.89 6.04 61.27 0.49 
4 62.12 2.26 60.50 0.14 
5 61.44 15.37 58.54 6.11 



















































































Figure 258: Plug bolt 9, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side A, with a flank angle of 62.12º and has 
deviated 2.12º from the standard. This value exceeds the tolerance. The maximum variance was 
found to be on turn 5 of side A, with a variance of 15.37º. Figure 259, shows that the first and 
second flanks from the head of the plug bolt has deformed to 54.63º and 67.33º respectively. 





Figure 259: Plug bolt 9, flank angle measurements – tightening 1 
Individual Flank Angle Investigation 
The flank angle deviations of sides A and B, reside mostly in the negative region of the scatter 
plot. 
Table 125: Plug Bolt 9, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
N/A 0,14 4,05 -0,67 5,37 N/A 
2 
0,26 -4,08 -3,87 -5,16 -7,33 -4,11 
3 
-1,76 -2,68 -1,01 -2,68 -3,38 -1,20 
4 
-2,23 -1,69 -1,04 -2,29 -3,17 -0,93 
5 
-1,26 -1,26 0,37 -1,56 -1,47 -0,12 
6 
-0,58 0,38 1,00 -1,22 -0,62 0,57 
7 
0,49 1,84 1,30 -1,25 0,49 1,32 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,04 5,76 N/A N/A 6,98 4,94 
2 
-1,91 -4,66 -2,50 -0,16 1,11 -3,00 
3 
-3,12 -1,63 -0,86 -1,06 -0,25 -1,47 
4 
-2,31 -2,29 -1,18 -0,85 0,60 -1,00 
5 





-3,09 -2,80 -0,94 -0,39 0,35 -1,24 
7 



































































1.1.8.3 Tightening Two 
The second tightening followed the space process and effort as for tightening 1. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket did not remain attached to the plug bolt. 
Table 126: Plug bolt 9, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 57.79 1.52 59.80 0.80 
2 61.44 2.15 59.46 1.54 
3 61.09 3.21 60.40 0.49 
4 60.80 2.40 60.22 0.61 
5 60.92 2.00 61.59 0.58 

















































































Figure 263: Plug bolt 9, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 1 of Side A, with a flank angle of 57.79º and has 
deviated 2.21º from the standard. This value well exceeds the tolerance. The maximum variance 





Individual Flank Angle Investigation 
The flank angles of sides A and B are spread across both the negative and positive regions of the 
scatter plot. A tendency towards an increase in flank angle deviation is observed. 
Table 127: Plug Bolt 9, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
N/A -2,69 -0,22 -0,68 -0,06 N/A 
2 
2,93 -3,26 -3,47 -1,01 -1,03 0,97 
3 
1,50 -2,29 -2,08 -0,75 -1,20 -1,12 
4 
1,56 -1,73 -2,89 -3,25 -3,08 0,44 
5 
0,42 -0,60 -0,65 -1,71 -1,92 -0,72 
6 
3,29 0,87 0,21 -0,02 -0,57 2,21 
7 
3,54 -0,36 1,50 1,83 1,40 3,25 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,50 2,64 N/A N/A -2,85 0,34 
2 
-0,19 0,73 0,78 1,19 -2,00 -2,12 
3 
-1,04 -0,92 -1,11 -0,63 -1,34 -1,27 
4 
0,32 1,17 -1,07 0,13 -0,60 -1,31 
5 
-0,08 0,08 -0,29 -0,46 -2,01 -1,54 
6 
1,22 -0,85 -0,58 -0,60 -1,48 -1,41 
7 






































































1.1.8.4 Tightening Three 
Hand placement of the plug bolt into the hole of the parent plate was found to be easy with some 
stiffness felt when the plug bolt was roughly 98% in. The third tightening followed the space 
process and effort as for tightening 1. After an initial use of the wrench to loosen the bolt, it was 
possible to hand loosen it out of the parent plate. The gasket did not detach from the plug bolt. 
Table 128: Plug bolt 9, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 60.93 1.80 59.37 1.14 
2 59.93 1.55 58.32 0.48 
3 58.23 1.65 58.97 0.36 
4 59.24 1.50 58.37 0.66 
5 59.75 3.48 60.80 0.72 


















































































Figure 267: Plug bolt 9, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side A, with a flank angle of 58.23º and has 
deviated 1.77º from the standard. This value exceeds the tolerance by 0.05º. The maximum 







Individual Flank Angle Investigation 
The flank angle deviations of side A, are spread almost evenly across the regions but a majority 
of the flank angles of side B, deviate such that the points reside in the positive region. 
Table 129: Plug Bolt 9, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
N/A -1,18 1,26 1,06 2,46 N/A 
2 
-1,38 -0,90 1,12 0,47 -0,59 0,13 
3 
-1,32 -0,77 0,88 -0,79 -1,12 0,26 
4 
-1,63 -0,58 0,06 -0,20 -2,42 -2,88 
5 
-2,52 0,46 2,59 0,18 -0,31 -2,05 
6 
0 1,81 3,75 1,89 1,23 0,56 
7 
1,25 1,64 2,73 2,73 2,49 1,90 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,69 0,76 N/A N/A 0,52 2,59 
2 
1,29 2,49 1,88 3,10 -0,20 0,86 
3 
0,15 2,57 0,96 1,55 -1,34 0,40 
4 
-0,06 1,22 0,11 1,25 -1,16 -0,16 
5 
0,22 1,34 0,69 0,65 -1,00 0,19 
6 
0,62 2,06 1,25 1,71 -2,06 -0,01 
7 







































































1.1.8.5 Tightening Four 
Hand placement of the plug bolt into the hole of the parent plate was found to be easy with some 
stiffness felt when the plug bolt was roughly 98% in. The fourth tightening followed the space 
process and effort as for tightening 1. Thereafter, the hanger was loaded once to 40 kg to reach 
an applied torque of 400 Nm. After an initial use of the wrench to loosen the bolt, it was possible 
to hand loosen it out of the parent plate. The gasket did not detach from the plug bolt. 
Table 130: Plug bolt 9, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.51 1.54 60.84 2.88 
2 61.16 1.65 59.90 0.28 
3 58.70 1.82 61.68 0.40 
4 61.26 2.56 58.98 0.59 
5 59.54 2.12 59.05 1.01 

















































































Figure 271: Plug bolt 9, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 3 of side B, with a flank angle of 61.68º and has 
deviated 1.68º from the standard. This is the same turn and side that had a maximum deviation 
prior to tightening and this value exceeds the tolerance by 0.006º. The maximum variance was 





Individual Flank Angle Investigation 
The flank angle deviations of side A, are now seen to lie mostly in the negative region of the plot 
whereas the deviation in flank angles for side B, reside mostly in the positive region, 
Table 131: Plug Bolt 9, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
N/A -1,33 1,89 -0,23 1,66 N/A 
2 
0,59 -1,18 0,33 -0,65 -0,62 0,28 
3 
-0,10 -1,59 -1,09 -2,73 0,03 -2,60 
4 
0,19 -2,71 0,79 -3,91 -2,08 -1,60 
5 
-1,15 -2,40 2,25 -1,53 0,70 -0,60 
6 
0,79 0,46 2,54 -0,50 1,68 1,02 
7 
2,61 0,60 2,40 0,76 1,85 1,99 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,95 -0,58 N/A N/A 2,31 3,39 
2 
-0,49 0,92 -0,95 2,20 2,10 2,00 
3 
-0,14 0,55 -1,10 1,67 0,93 0,95 
4 
-0,70 0,11 -2,52 0,61 0,09 1,23 
5 
-0,73 -0,29 -1,72 0,96 0,67 -0,61 
6 
-3,38 -0,29 -2,29 0,52 1,07 0,89 
7 







































































1.1.8.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 1. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket did not detach from the plug bolt. 
Table 132: Plug bolt 9, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.09 2.55 60.71 0.90 
2 60.34 2.36 61.66 0.89 
3 61.11 1.90 58.66 0.57 
4 59.58 3.74 59.33 0.32 
5 57.31 3.44 59.17 0.33 


















































































Figure 275: Plug bolt 9, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of Side A, with a flank angle of 57.31º and has 
deviated 2.69º from the standard. This value well exceeds the tolerance. The maximum variance 







Individual Flank Angle Investigation 
The scatter plot of side A, shows a similar pattern of behaviour as observed in tightening 4. The 
deviations in flank angle of side B, are almost evenly spread across both regions. 
Table 133: Plug Bolt 9, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
N/A -0,42 -0,83 -0,03 5,92 N/A 
2 
0,94 -0,42 -0,96 0,08 2,08 0,71 
3 
0,21 -2,88 -1,94 -1,11 1,77 0,17 
4 
-0,09 -1,42 -3,29 -2,07 0,18 -0,89 
5 
-0,81 0,10 -1,75 0,19 2,07 1,14 
6 
1,51 1,98 0,86 2,30 2,62 1,90 
7 
3,73 0,65 0,14 3,58 4,21 3,24 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,13 -3,61 N/A N/A 1,84 0,66 
2 
-0,29 -0,89 2,50 1,61 0,79 -0,90 
3 
-1,40 -1,57 1,30 0,71 0,78 -1,85 
4 
-1,02 -1,08 0,58 0,96 1,03 -1,82 
5 
-1,35 -1,50 1,25 0,17 0,51 -2,52 
6 
-0,46 -2,00 0,54 0,07 0,95 0,00 
7 



































































1.1.8.7 Comparison of the Average Flank Angles 
In Figure 278, the graphs depict the comparisons of the average flank angles. The greatest 
deviation from the standard 60º occurred on Side 5A of tightening 5 with the average angle of 
the flanks having a value of 57.31º and has deviated by 2.69º. Furthermore, a large number of the 
averages are found to lie between 60º and 62º. From this observation it can be deduced that a 
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1.1.9  Plug Bolt Ten 
1.1.9.1  Prior to Tightening 
In Table 134, it can be seen that the average flank angles are close to 60º. The variance across 
most of the turns is relatively low in comparison to variances that occur after tightening the plug 
bolt but is still considered high because the bolt has not yet been tightened. The highest variance 
is seen on turn 2 of Side A with a value of 2.15º and turn 6 of Side B has the greatest deviation 
from the standard 60º with an average flank angle of 57.58º. Considering that the plug bolt has 
not yet undergone any tightening, this value significantly exceeds the tolerance. The remaining 
values are within the tolerance.  
Table 134: Plug bolt 10, average and variance of the flank angles prior to tightening 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.99 0.91 59.80 0.51 
2 61.27 2.15 58.52 0.23 
3 59.55 0.67 60.34 0.38 
4 59.91 0.70 58.22 0.36 
5 59.01 0.90 60.92 0.03 




















































































1.1.9.2 Tightening One 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 36 kg and the weights dropped to the floor. The extension arm was loaded once to 40 
kg to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the bolt, it 
was possible to hand loosen it out of the parent plate. The gasket detached from the plug bolt. 
Table 135: Plug bolt 10, average and variance of the flank angles for tightening 1 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.81 0.81 59.91 0.25 
2 59.55 2.19 59.58 2.19 
3 59.37 1.30 60.30 0.18 
4 59.38 2.62 58.80 0.32 
5 59.46 0.90 58.82 0.49 
















































































Figure 282: Plug bolt 10, variance of the flank angles for tightening 1 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side B, with a flank angle of 58.80º and has 
deviated 1.20º from the standard. This value is within the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
The flank angle deviations of sides A and B, are found mostly in the positive region of the plot 
thus, indicating a tendency to decrease in flank angle. 
Table 136: Plug Bolt 10, variation in flank angles from the standard 60° for tightening 1 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
-0,14 -1,90 1,78 2,44 -0,16 N/A 
2 
0,83 -0,86 0,11 -0,96 -1,13 -2,16 
3 
1,15 0,47 -1,26 -1,81 0,93 -0,12 
4 
1,95 -0,05 0,84 -0,17 0,36 -0,78 
5 
0,47 1,92 0,06 1,14 1,36 0,03 
6 
2,51 1,83 0,77 1,66 0,80 1,85 
7 
1,55 1,71 2,12 2,05 1,64 1,36 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
-0,31 3,16 N/A 0,47 1,35 1,21 
2 
-0,66 -1,69 -0,24 1,60 0,58 -0,78 
3 
-0,01 0,68 -0,51 1,55 1,37 -0,17 
4 
-0,06 -0,07 -0,05 1,89 0,50 -0,35 
5 
0,45 0,16 -1,00 0,69 1,99 0,00 
6 
0,75 -0,28 0,24 1,50 2,09 -0,47 
7 



































































1.1.9.3 Tightening Two 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded twice to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to 
loosen the bolt, it was possible to hand loosen it out of the parent plate. The gasket detached 
from the plug bolt. 
Table 137: Plug bolt 10, average and variance of the flank angles for tightening 2 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 60.02 0.46 58.85 1.76 
2 59.68 0.52 59.58 0.38 
3 59.37 0.48 59.80 0.16 
4 60.49 0.28 59.65 0.08 
5 58.53 3.42 59.25 1.01 


















































































Figure 286: Plug bolt 10, variance of the flank angles for tightening 2 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 5 of Side A, with a flank angle of 58.53º and has 
deviated 1.47º from the standard. This value is within the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
Flank 1 of side 5A and flank 1 of side 1B, deviate extensively from the rest of the flanks but 
most of the deviations in flank angle of side B, lie in the positive region. The flank angle 
deviations of side A, show a tendency of increase in flank angle. 
Table 138: Plug Bolt 10, variation in flank angles from the standard 60° for tightening 2 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,49 0,07 1,51 -0,44 5,20 N/A 
2 
0,20 0,24 0,76 -0,77 -0,47 1,79 
3 
-1,26 -0,41 -0,15 -0,80 0,36 0,20 
4 
-0,14 -0,64 -0,44 -1,29 0,42 -1,01 
5 
-0,51 0,72 0,81 -0,34 1,05 1,47 
6 
0,69 0,85 0,72 -0,13 1,79 2,38 
7 
0,39 1,40 1,18 0,37 1,97 1,92 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
3,67 1,03 N/A 0,83 2,78 2,49 
2 
2,18 1,35 0,66 0,21 0,76 0,67 
3 
1,10 0,46 0,26 0,47 0,46 -0,52 
4 
0,23 -0,16 -0,40 0,19 -0,53 -0,61 
5 
0,54 0,02 0,56 0,25 0,30 -0,38 
6 
0,24 0,54 0,21 -0,02 0,80 0,77 
7 









































































1.1.9.4 Tightening Three 
The hanger was initially loaded with 30 kg of dead weight and no slip occurred indicating that 
the torque wrench effectively tightened the plug bolt to 300 Nm. Thereafter, the hanger was 
loaded to 38 kg and the weights dropped but not to the floor. The extension arm was loaded once 
to 40 kg to reach an applied torque of 400 Nm. After an initial use of the wrench to loosen the 
bolt, it was possible to hand loosen it out of the parent plate. The gasket did not detach from the 
plug bolt. 
Table 139: Plug bolt 10, average and variance of the flank angles for tightening 3 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 58.85 0.13 61.14 0.92 
2 59.31 1.11 60.30 0.43 
3 58.74 1.44 60.90 0.11 
4 58.12 0.73 59.76 0.35 
5 58.49 0.49 59.64 0.46 


















































































Figure 290: Plug bolt 10, variance of the flank angles for tightening 3 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 4 of side A, with a flank angle of 58.12º and has 
deviated 1.88º from the standard. This value exceeds the tolerance. The maximum variance was 





Individual Flank Angle Investigation 
Almost all of the flank angle deviations reside in the positive region for side A. the flank angle 
deviations of side B, now reside mostly in the negative region. 
Table 140: Plug Bolt 10, variation in flank angles from the standard 60° for tightening 3 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,97 2,00 1,02 1,72 2,52 N/A 
2 
1,04 -0,75 0,46 1,41 0,41 3,12 
3 
1,02 -0,38 1,42 2,00 1,12 0,68 
4 
0,59 0,46 -0,51 0,67 1,03 0,85 
5 
1,49 0,40 1,57 1,88 1,90 1,04 
6 
1,23 1,28 1,41 1,97 1,91 1,73 
7 
1,69 1,81 3,42 3,50 1,71 2,31 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
0,69 1,06 N/A 0,81 1,66 1,03 
2 
-0,42 -0,25 -1,05 0,81 0,00 1,22 
3 
-1,30 -0,71 -0,68 0,26 0,50 -0,16 
4 
-1,92 -0,91 -1,25 0,11 0,53 -0,49 
5 
-1,51 -0,62 -1,26 0,50 0,41 0,13 
6 
-1,49 -0,53 -0,49 0,11 -0,15 -0,07 
7 










































































1.1.9.5 Tightening Four 
The fourth tightening followed the space process and effort as for tightening 1. After an initial 
use of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. A 
small amount of stiffness was felt during the placement of the plug bolt and when removing it 
but this was most likely due to dirt and debris between the threads. The gasket did not detach 
from the plug bolt. 
Table 141: Plug bolt 10, average and variance of the flank angles for tightening 4 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.05 0.55 58.61 0.47 
2 59.93 0.38 58.28 0.11 
3 59.77 1.35 59.97 1.70 
4 59.32 0.93 58.51 0.34 
5 58.91 0.53 60.01 1.07 



















































































Figure 294: Plug bolt 10, variance of the flank angles for tightening 4 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 2 of side B, with a flank angle of 58.28º and has 
deviated 1.72º from the standard. This value exceeds the tolerance by 0.03º. The maximum 





Individual Flank Angle Investigation 
The flank angles of both sides A and B, lie mostly in the positive region of the scatter plots. 
Table 142: Plug Bolt 10, variation in flank angles from the standard 60° for tightening 4 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
0,84 0,07 0,29 -0,40 0,64 N/A 
2 
0,42 0,65 1,58 0,43 0,88 1,24 
3 
0,14 -0,83 -0,30 -0,05 1,44 0,17 
4 
0,21 -0,58 -1,44 -0,11 -0,19 0,88 
5 
1,25 -0,11 0,19 1,12 1,16 0,55 
6 
1,89 0,78 -0,54 1,70 1,89 1,37 
7 
1,87 0,49 1,84 2,09 1,81 1,06 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
2,83 2,07 N/A 2,29 1,15 2,77 
2 
1,57 1,87 2,39 1,96 1,47 1,73 
3 
1,10 1,86 -0,18 1,92 0,23 1,42 
4 
1,27 1,16 -0,31 0,80 -0,69 0,75 
5 
1,17 1,55 -0,20 1,47 -0,22 0,58 
6 
1,17 1,48 0,10 1,06 -0,53 0,86 
7 










































































1.1.9.6 Tightening Five 
The fifth tightening followed the space process and effort as for tightening 3. After an initial use 
of the wrench to loosen the bolt, it was possible to hand loosen it out of the parent plate. The 
gasket remained attached to the plug bolt. 
Table 143: Plug bolt 10, average and variance of the flank angles for tightening 5 
 Side A (⁰) Side B (⁰) 
Turn Average Variance Average Variance 
1 59.07 0.97 59.96 0.93 
2 59.14 0.65 58.92 0.16 
3 59.47 1.03 59.14 0.12 
4 60.27 0.34 59.10 0.34 
5 59.56 0.97 59.42 0.35 
















































































Figure 298: Plug bolt 10, variance of the flank angles for tightening 5 
From the table and graphs above, it can be seen that the maximum average deviation from the 
standard 60º of the flanks occurred on turn 6 of side A, with a flank angle of 58.54º and has 
deviated 1.46º from the standard. This value is well within the tolerance. The maximum variance 





Individual Flank Angle Investigation 
After undergoing a 5th tightening and loosening cycle, it can be seen that the deviation in the 
flank angles are similar to that of tightening 4. 
Table 144: Plug Bolt 10, variation in flank angles from the standard 60° for tightening 5 
Flank Side 1A (°) Side 2A (°) Side 3A (°) Side 4A (°) Side 5A (°) Side 6A (°) 
1 
1,15 1,12 0,59 -0,41 -0,03 N/A 
2 
0,08 0,63 0,53 -0,37 0,59 0,42 
3 
-0,22 -0,41 -0,85 -0,67 0,14 1,65 
4 
0,42 0,81 -0,70 -0,97 -1,04 1,94 
5 
0,80 0,45 1,70 0,00 0,14 0,87 
6 
1,62 1,19 0,75 -0,36 1,29 2,32 
7 
2,65 2,23 1,69 0,87 2,02 1,56 
Flank Side 1B (°) Side 2B (°) Side 3B (°) Side 4B (°) Side 5B (°) Side 6B (°) 
1 
1,86 0,42 N/A 1,99 1,29 2,46 
2 
0,38 0,83 1,17 0,66 0,89 0,59 
3 
-0,26 0,77 0,63 0,82 0,93 0,33 
4 
0,12 1,39 0,79 0,81 0,72 0,13 
5 
-0,57 1,33 1,38 0,82 0,47 -0,04 
6 
0,04 1,43 0,68 1,12 0,29 -0,07 
7 







































































1.1.9.7 Comparison of the Average Flank Angles 
In Figure 301, the graphs depict the comparisons of the average flank angles. The greatest 
deviation from the standard 60º occurred on Side 4A of tightening 3 with the average angle of 
the flanks having a value of 58.12º and has deviated by 1.88º. Furthermore, a large number of the 
averages are found to lie between 59º and 60º. From this observation it can be deduced that a 
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Flank Measurements: Plug Bolt 1 
Tightening 1 
















































































































































































































Internal Flank Measurements: Hole 1 Region 1 
 
 
Internal Flank Measurements: Hole 1 Region 2 
 
 
 
 
